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This book attempts to compile in most simplified and acces-

sible form materials that have appeared in the foreign press on

the subject of the principles of designing reaction-thrust missile

control systems and methods of guiding them.

On the basis )f data published in the foreign press we present

a classification of all known guidance systems used in practice

and in the process of development or production; there is a

description of their operating principles and of the equipment and

devices employed in the elements of the system. The tactical fea-

tures of every system are examined, as are their advantages and

shortcomings, including their effective range and accuracy. Some

individual of the best known systems are described and the prospects

of development in this branch of military technology are pointed

out.

The book in intended for officers of the Soviet Army and Navy

who are not specialists in this field of military technology. This

book can also be useful for university students, students of mili-

tary educational institutions and other individuals who may be

interested in the problems presented in the book.
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INTRODUCTION

Rapid development of automation, electronics and reaction-

thrust engineering during the past decade has resulted in a new

and powerful weapon for land and sea forces all over the world,

namely the guided missile. Guided missiles were first used as early

as World War II; however, since the end of the war a great deal

of progress has been made in this field of military technology; a

variety of types of guided missiles for many varied purposes have

been developed. The guided missiles developed by other countries

and introduced as defense equipment of their armies can be fired

from points on the ground as well as from various carriers, such

as ships, submarines, airplanes, etc., and aimed at the greatest

variety of targets (on land, sea, in the air, or even under the

water). Guided missiles are consistently becoming more universal

(general purpose) weapons.

Guided reaction thrust missiles have an unusually wide effec-

tive operating range; they can be used over distances of several

kilometers in the case of anti-tank missiles as well as for several

thousand kilometers in the case of intercontinental missiles. The

outstanding great advantage inherent in guided missiles over other

types of weapons is their greater effectiveness in striking moving

targets. This is extremely vital at present, since high speed means

of attack have been introduced Into the armament of armies and these

are equipped to carry atomic and nuclear warheads.

-2-
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The guided rocket missile is better suited to striking a pre-

determined target with greater accuracy because of the great quan-

tity of varied equipment on board and outside, which makes up the

so-called missile control system.

A guided rocket missile is a pilotless craft propelled by a

reaction thrust engine and equipped with a special c"ontrol mechanism,

allowing the missile to be guided automatically toward a target or

to move in space over a predetermined trajectory. Many countries

have supplied their armies with guided bombs which are not equipped

with jet engines and therefore do not belong in the same group with

rocket missiles.

Guided missiles can serve a variety of purposes: combat use

(for striking military targets), experimental use (for conducting

aerial tests for the purpose of perfecting individual elements of

the missile), use as guided moving targets (for firing practice),

research use (for scientific exploration of the upper layers of the

atmosphere), etc. Depending on their purpose, guided missiles ex-

hibit various aerodynamic characteristics, designs, and control

systems. This work is devoted to the study of problems connected

with military guided missiles.

Depending on the launching site of the reaction-thrust missiles

(including guided missiles) and the nature of the target, the mis-

siles are subdivided into four categories: "ground-to-ground,"

"ground-to-air," "air-to-ground," and "air-to-air," which are, in

turn, classified into subdivisions.

A missile's classification by subdivision is determined by the

specific point of the launching site - whether on land, a ship,

submarine, or airplane - and the target the missile is to strike

(in the air, on land, a ship, or submarine).

-3-
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The first classification "ground-to-E:round" is subdivided:

"vground-to-ground" as such, and "ground-to-ship," "ship-.to-ground,"

"ship-to-ship," "ship-to-submarine," "submarine-to-ground," "sub-

marine-to-submarine,"* The second classification includes sub-

dividions: "ground-to-air," "ship-to-air"; the third classification:

"air-to-ground," "air-to-ship," and "air-to-submarine"; the fourth

classification has no subdivisions.

There is also a way of classifying guided missiles into four

groups: ground (coastal), anti-aircraft, aviation, and ship, mean-

ing: by ground- missiles of the "ground-to-ground" classification;

by anti-aircraft - the subdivision 'ground-to-air"; by aviation -

various missile subdivisions fired from airplanes; and by ship -

all possible classifications fired from aboard a ship.

Guided missiles of all the above classifications, depending

on the presence of and the type of engine and aerodynamic or hydro-

dynamic systems used, are divided into airplane missiles, rockets

(winged**and wingless), guided bombs and guided reaction-thrust

torpedos. Wingless rockets are often referred to as ballistic rockets

(missiles), which thus indicates the type of trajectory (ballistic

curve) in which they travel. Guided reaction-thrust missiles in

the airplane aerodynamic category are referred to as airplane mis-

siles.

Various principles are employed in guiding a missile, and these

depend on the tactical designation of the missile, flight conditions,

and on the rated effective range. This work is devoted to the study

of the principles of controlling guided missiles.

The control system is one of the most important parts of the

armament complex which includes the missile which is being guided,

and the effectiveness of guiding the missile toward its target de-

4 .



pends entirely on this system.

Guidance of missiles is accomplished by means of a complex

system of automatic and remote automatic control and, consequently,

it is a closed follow-up system which, since it is complex, can be

represented as one consisting of many links or of many smaller follow-

up systems (loops).

The complete structural diagram of the control System Is tons-

posed of the following interconnected systems and links: the

guidance system, the on-board control system, the body (frame) of

the missile, the kinematic relationships between the missile and

the target (kinematic element), and many other loops. In order to

clarify the purpose and function of the various systems and links

(Fig. 1) let us introdude several definitions.

The armament complex or the system of the guided missile is

the aggregate of all installations necessary for determining and

selecting a target, for launching and guiding the missiles, the

missile itself, as well as its storage, assembly, and preparation

for launching.

The missile guidance system (Fig. 2) is that part of the guided

missile's armament complex which controls the launching installa-

tion and the missile in the process of preparation for firing, the

actual firing, and the guidance of the missile to the target. Thus,

the following are a part of the guidance system: means of deter-

mining the relative position of the missile carrier and the target,

the equipment which calculates the necessary trajectory of the

4 missile's flight for striking the target, and apparatus for the

purpose of automatically guiding the missile in flight and which

immediately provides for changes of its trajectory. The elements

of the control system can be on the missile itself as well as on the

-5-
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Fig. 1. Diagram o4 reaction thrust armament:
*In guiding long-range missiles against
ground targets there is no target tracking
apparatus. **When independent guidance systems
are used there are no ground guidance stations.
***In the case of independent guidance systems,
the on-board guidance functions are accomplished
by the program equipment l Reaction thrust arma-
ment complex; 2) missile; 3 firing positions;
launching sites; 4) control system equipment;
5) maintenance and storage warehouses; 6) firing
control instrument system; 7) ground instrument
complex; 8) on-board apparatus; 9) target
tracking stations;* 10) guidance stations;**11) on-board guidance system;*** 12) on-board
guidance system.

object from which the launching and control or control alone takes

place (from the ground, ship, airplane, or other guided missile).

The loop of an extensive follow-up system which encompasses all the

elements o the control system, is called the control system loop.

The missile itself is also one of the elements of the control system,

i.e., a link of this loop.

The firing control instrument system is the part of the system

of missile control that handles the firing process of the reaction-

thrust missiles (determining and selecting targets, Input of target

data, training of launching installations, and firing of the mis-

sile). For the majority of missiles this system differs very little

from corresponding artillery systems (with the exception of the

-6-



missile firing pr oess).

The guidance system is the part of the control system (equip-

ment complex) which ensures the determination of the missile's posi-

tion in space in relationship to the targets and the calculation

of the required flight trajectory to be followed by the missile in

order to strike the target.

1) 2) 3) 4)
I, acmeme Nageom[ 65opmoa cta 1 me- IP n lC

"PO P w I nonWeue fa ynpaonemuo C I apa

C appvo

Fig. 2. Basic links of the complete control
system loop. 1) Guidance system (or program
equipment); 2) required position of missile;
3) on-board control system; 4) body (frame)
of the missile; 5) kinematics of the missile.

The guidance system includes ground (ship, airplane) guidance

stations, on-board guidance systems, computer equipment which can

be installed either on board the missile or within the guidance

station, and other apparatus. In some cases, there may be no guid-

ance stations, and in that case the guidance system consists only

of the on-board guidance loop.

The guidance system works out command signals regarding the

missile's changes of trajectory which are then transmitted to the

on-board control system, ensuring the missile's flight along the

required trajectory.

The on-board control system (or the on-board control loop)

is a part of the control system installed on the missile and serves

the purpose of stabilizing the missile's flight or executing the

change-of-trajectory commands issued by the guidance system.*

All missile control systems are divided into three basic groups

-7-



in accordance with their tactical capabilities! self-guidance

(homing), remote-control, and autonomous systems. They differ in

many respects; however, they differ primarily in their principle

of operation and technical execution of their guidance systems.

The major part of this book is devoted to the description of

the operational principles of presently known guidance systems.

However, since it is impossible to examine the guidance system

separately from the over-all ccntrol loop, the book presents a

brief description of the installation, operating principle, and

mutual interdependence on each other of all the other links of the

control system: the body of the missile, its aerodynamics, on-board

control system, and other elements of the guided missile which

affect the selection of the type of guidance system for the known

classifications of missiles.

[Footnotes]

Manu-
script
page
No.

4 *In this case the word "ship" means a surface ship or

a submarine on the surface, and "submarine" means a
submerged submarine.

4 **Our literature often refers to airplane missiles as

winged missiles.

7 *There is a close association between the ground and

on-board guidance systems; however, each serves a
different purpose. To explain better the difference
between these systems the following comparison is
sometimes used: the function of the ground guidance
system is compared to the human brain, .whereas the
on-board system is compared to the muscles, coordination,
orientation, and sense of balance of a human being.
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Chapter I

BASIC ELEMENTS OF GUIDED MISSILES

Depending on their combat missions, guided missiles can be extremely

varied in shape, dimensions, and assembly. Despite the variety of

existing types and designs of guided missiles, they are character-

ized by many common design elements.

Every combat guided mis.ile consists of the following basic

elements: a body of definite aerodynamic design (frame), power

plant including its mechanism and fuel sections, warhead and fuses,

on-board control and guidance apparatus, control and stabilization

instruments, and power supply. The above elements can vary in de-

sign, combat and technical characteristics, and they are selected

for each type of missile on the basis of the missile's tactical

mission. Every one of these elements uniquely affects the efficiency

with which the combat mission is carried out, and all the elements

together completely determine the tactical-technical characteristics

of the guided missile. The location of the various elements with-

in the body of the missile can also vary (Figs. 3, 4, and 5).

One of the most important parts of a guided missile is its

control system, particularly the guidance system, on whose accuracy

and reliability depends the utilization efficiency of guided mi-3-

siles. Selection of a guidance system depends not only on the

nature of target and the possible trajectories of its motion (in

the case of a moving target), i.e., on the tactical designation

-9



of the missile, but also on a number of other factors, including

the characteristics of the various elements of the faissile itself:

the warhead, types of reaction-thrust engines (Vernier and booster),

the shape and aerodynamic assembly of the missile, power sources,

etc.

Fig. 3. Assembly diagram of Fig. 4. Basic design elements
"air-to-air" class guided of Nike anti-aircraft guided
missle. 1) Receiver; 2) com- missile; 1) rocket; 2) booster;
puter; 3) power source; 3) stabilizers; 4) antenna;
4) automatic pilot; 5) fuse; 5) control surfaces; 6) warhead.
6) warhead; 7) engine.

The Warhead. Guided missiles can carry warheads for various

purposes: armor-piercing, fragmentation, demolition, incendiary,

cumulative, etc. The weight of the warhead is selected to be suf-

ficient for incapacitating the target with one missile. In view of

the fact that it is not always possible to strike a target that is

moving at great speed, the warhead is usually supplied with a non-

contact fuse. The fuse sets off the charge at the instant of flight

close to the target. In the cage of firing at targets on land that

are immobile or are moving fairly slowly, the missile can be sup-

plied with a noncontact fuse as well as a contact fuse which will

go off on striking an obstacle.

In thie case of total probability of a direct hit, the amount

of explosives could be limited to an amount sufficient for the de-

struction of the target. However, since the probability of a direct

hit is always less than 100%, the weight of explosives has to be

- 10 -
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Fig. 5. Basic design elements of the
American Atlas intercontinental ballis-
tic missile. 1) Air pressure sensor; 2)
anti-radar coated nosecone; 3) corru-
gated missile nosecone skin for reduction
of electromagnetic wave reflection; 4)
cylindrical thin-walled body made of a
high-strength light-weight alloy; 5) mis-
sile control apparatus inside of side
cowling; 6) middle sections of side cowl-
ings containing guidance equipment (radio-
and-inertial); 7) rotating combustion cham-
bers of liquid rocket engines, subsequently
to be'dropped; 8) exhaust-manifold of the
turbopump assemblies of the engines; 9)
sustainer engine with rotating combustion
chamber; 10) missile tail fillet, dropped
together with the booster engine; 11) in-
clined nozzles of the Vernier engines
for the purpose of bringing the missile
into trajectory and stabilizing it with
respect to the longitudinal axis; 12) ex-
tended antenna.

increased in order to increase the area of possible target damage.

Should the target be missed by a great distance, a rather great
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amount of explosives would be necessary,. Consequently, accuracy in

aiming a guid.ed missiJe should be achieved in order to eliminate

errors exceeding the radius of warhead effectiveness. This is no

easy task, since the speed of the missile's approach to the target

can reach great proportions and, besides, the target can also maneuver.

The imperialist countries are of the opinion that guidance

difficulties can be decreased by the development of small-dimen-

sion and light-weight atomic warheads that possess a greater de-

structive force. A similar decrease in weight and dimension of

thermonuclear warheads which possess an even greater radius of ef-

fectiveness than the atomic, makes it possibleto simplify the prob-

lems of developing engines (power plants) and control systems for

intercontinental missiles.

However, in spite of the existence in the Soviet Union of

thoroughly tested series-produced intercontinental rockets equipped

with sufficiently accurate control systems, our government is in

favor of the unconditional outlawing of this weapon of mass destruc-

tion.

Based on foreign press data, guided missiles, depending on

their classification, can have a warhead of the following weight:

Anti-tank missiles 3-5 kg

"Air-to-air" classification 10-30 kg

"Ground-to-air" classification 20-100 kg

"Ground-to-ground classification,
short range 300-700 kg

"Ground-to-ground" classification,

intermediate and long range 1000 kg and over

Fuses. Noncontact fuses operate automatically whenever the

missile passes at a predetermined distance from the target or is

at a given altitude above the ground. In the case of anti-aircraft

- 12 -



guided missiles noncontact fuses are indispensable equipment.

Depending on the physical phenomenon which serves as the basis

of the fuse's operation, noncontact fuses can be: radioengineering

(radar), optical, magnetic, acoustic, etc. Radar and optical non-

contact fuses are most frequently used in warheads on guided missiles.

1) 2) 3) 4) 5)

Fig. 6. Block diagram of radar fuse.
1) Charge; 2) detonator; 3) ignition
thyratron;4) booster; 5) transmit-
receive unit; 6) safety mechanism;

7) power source; 8) antenna.

The best known radar fuse (or radio fuse) is a fuse which

operates on the principle of using the Doppler effect.* This type

of fuse (Fig. 6) includes: a radar transmit-receive unit equipped

with a high-frequency continuous-oscillation oscillator, an antenna

for sending out and receiving signals reflected by the target, an

amplifier equipped with a thyratron and used as the terminal stage,

an electric primer, and an auxiJiary detonator for the explosion

of the basic charge. In addition, the fuse must be equipped with

automatic safety devices and a special automatic destruct device

so that the missile can be destroyed should the target be missed

or the control system malfunction.

After the missile has been launched, at a predetermined dis-

tance from the launching site, the radar fuse is armed (often by

a command signal from the guidance station). The directional an-

tenna of the fuse has a directivity pattern which assures the

detonation of the missile in the vicinity of the target.

- 13 -



Whenever the target passes through the zone of effective trans-

mitter activity part of the emitted energy is reflected from the

target and is received by the receiving equipment of the fuse.

Since a relative shift between the missile and the target takes

place, the frequency of the signals received varies from the fre-

quency of signals emitted. As a result of combining the reflected

signal with the emitted signal, a voltage is created with a beat

frequency equal to the difference between these frequencies. The

beat frequency increases with the speed of approach. The resultant

voltage is detected and transferred to the control circuit which

detonates the explosion. The most advantageous instant for detonat-

ing the missile is obtained by combining the increase in signal

amplitude and the instant at which the decrease in beat frequency

begins to take place. The guidance signal is transferred to the

thyratron grid which has so far remained closed, the thyratron opens,

the plate current of the thyratron ignites the electric primer and,

thus, detonation of the missile is achieved.

#vA~ naomu

Fig. 7. Directivity pattern and nature
of change in input inpedance of the
radar fuse antenna. 1) Change in input
impedance of antenna.

There are fuses that operate by ! ndther principle, i.e., chang-

ing the input impedance of the antenna upon receipt of the signals

reflected from the moving target (Fig. 7). The beat frequency ob-

S 14



tained in the circuit as a result of load changes on the high-

frequency oscillator is a function of the speed of the missile in

relation to the target, This phenomenon is utilized for activat-

ing the fuse. The combination of the amplitude increase of the

signal and the instant at which the decrease in beat frequency

begins provides the opportunity for determining the most favorable

instant for the detonation of the missile.

Whenever a guided missile or a bomb equipped with a radar fuse

is used for striking a target on the ground, the fuse principle

of operation remains the same; however, the reflected waves in this

case do not emanate from a target in the air but from the surface

of the earth. The electrical circuit of the radar fuse should be

adjusted so as to produce the explosion at the altitude considered

most effective for destroying the target.

Fuses operating in the above manner are not completely per-

fected. Therefore, we use radar fuses that are constructed on the

basis of different principles as well.

Radar fuses can be active and semi-active, depending on the

location of the source of the radio waves necessary for the shaping

of the control signal.

Optical fuses operate on the principle of utilizing the heat

or infrared rays emitted by the target. These optical fuses con-

sist of a lens sensitive to infrared rays, a photocell, situated

at the focal point of the lens, an amplifier circuit, and a pyro-

cartridge (Fig. 8). Whenever a uniform surface is reflected in the

photocell (for example, clouds), there is little change in the

current of the photocell circuit, and the fuse is not activated..

However, when the missile passes in the vicinity of the target, and

the target falls within the field of view of the fuse, the intensity

- 15 -



of the reflection onto the photo-

cell changes abruptly, creating a

photoelectric current pulse in the

2 5 amplifier circuit, causing the acti-

vation of the cartridge and the

detonation of the missile.

The amplifier power battery

Fig. 8. Block diagram of opti- is not provided with an electrolyte

cal fuse. 1) Toroid lens- in order to forestall the missile's
2) photoelectric cell; 35 am-
plifier; 4) thyratron; 5) deto- detonation ahead of schedule. Only
nator.

after the missile has been fired

is the electrolyte injected into the battery through a pourous

partition, under the influence of the acceleration that is de-

veloped.

Optical fuses can be employed in various missiles, regard-

less of the type of guidance system.

Reaction-thrust engines. Guided missiles are mostly equipped

with reaction-thrust engines in order to create the thrust neces-

sary for the flight of a guided craft. However, it should be noted

that great velocities and distances are not always necessary for

a guided missile: for example, anti-tank missiles powered by a

reaction-thrust engine are not made for great distances or great

flight speeds. Besides, not every guided craft needs an engine.

For example, guided glider bombs are not equipped with engines.

Basically, guided missiles can be equipped with two types of

engines: engines independent of environment (rocket) and those de-

pendent on their environment (ramjet engines). The difference here

lies in the fact that ramjet engines obtain the oxygen necessary

for propellant combustion from the surrounding atmosphere and there-

- 16 -



fore cannot effectively operate at great altitudes in the rarefied

layers of the atmosphere; however, reaction-thrust engines operate

on a propellant containing the necessary supply of oxidizer, and,

therefore, do not depend on altitude.

Reaction-thrust engines can, in turn, be divided into two classi-

fications:

1) engines operating on the solid propellant which combines

fuel and oxidizer; this classification includes powder rocket

engines (PRD) [solid propellant reaction-thrust engines];

2) engines operating on liquid propellants (ZhRD) [liquid fuel

rocket engines]; in this case fuel and oxidizer are usually stored

in different tanks and are injected in a certain ratio into the

combustion chamber.

A special feature of solid propellant engines is their ability

to develop high thrust in a short period of time. Contemporary

solid fuel rocket engines (PRD) can develop a thrust of scores of

tons and their service life varies, depending on the designation

of the engine.

Rocket engines operating on solid propellants are endowed

with many substantial advantages regarding safety of operation,

length of storage time, and convenience of operation. Heat-reois-

tant materials used for the construction of the metal frames of

the missiles operating on solid propellants make it possible to

place the charge in the central section of the missile (in the

wing section), as well as to expel hot gases through the nozzle

by means of a heat-resistant exhaust tube.

Solid-propellant engines are effectively used as booster

engines and auxiliary boosters.* Not every guided missile requires

an auxiliary booster. A missile designed for prolonged flight and,
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therefore, with enough time at its disposal to reach a normal flight

speed with low initial acceleration (on the order of 2-3 g), does

not require an auxiliary booster. A missile without a launching

booster engine is usually (but not always) launched vertically,

in order to simplify the problem of stabilization and control of mis-

sile flight during the period of acceleration when the control

surfaces are not yet effective. During this period, one of the

methods of deflecting the gas stream of the engine can be utilized

for guiding the missile.

However, in most anti-aircraft, ballistic, and airplane

guided missiles, launching boosters are used to reduce the

launch time and the length of the launching rack to a minimum;

Fig. 9. American anti-aircraft guided
missile Nike-Ajax equipped with a
booster rocket (tandem booster).

these boosters assure, within a short period of time (from frac-

tions of a second to tens of seconds), given high initial accel-

eration (approximately 30 to 50 g), missile acceleration up to the

normal cruising speed or, at least, a speed great enough for the

rocket or ramjet engine independently to increase the velooity to

normal magnitudes, without impairing the combat mission.

At the present time, two designs of booster engines are used:

a tail booster (tandem booster) and the booster bundle which is

mounted directly on the body of the missile (booster pack). The

former is widely used in the USA and the latter in England.

The design of the tandem booster (Fig. 9) has great advantages,
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since the flight characteristics of the missile are not substan-

tially impaired. However, it also has a series of inherent draw-

backs: considerably greater length of missile assembly and exten-

sive booster stabilizing surface, thus rendering storage and launch-

ing of the missile more difficult and the launching site more cum-

bersome. Control of the missile during the acceleration stage is

more difficult and sometimes may require separate control systems

located in the launching booster itself.

The booster bundle (Fig. 10)

consists of several independent

Pt-=- Usolid propellant engines mounted

Fig. 10. English anti-aircraft around the body of the missile,

guided missile Sea Slug, equip- between its wings. The compactness
ped with four booster bundles
(booster pack). of this design is its advantage:

the length of the missile is not increased, and large stabilizers

for the booster engine are not necessary. The missile's center of

gravity does not substantially differ in position for a missile

with a booster engine or without; during the acceleration stage

and after jettisoning of the booster engine the same control and

stabilization system can be used. The drawbacks are a substantial

increase in missile friction during the acceleration stage and the

possibility of damage to the body of the missile at the time of

booster-engine separation. Bundle Jettisoning takes place as a re-

sult of the force of the aerodynamic resistance, or by means of

ejection-cartridge explosions.

Liquid-fuel reaction-thrust engines are used on anti-aircraft,

air, and ground rockets for medium and, particularly, long-range

operations. Comparatively light liquid fuel rocket engines can

develop considerable thrust. For example, in long-range rockets
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it can reac, over a hundred tons.

Ramjet (_VR) engines, whose thrust is developed on the basis of

the velocity difference between the air entering the engine during

flight and the stream of hot gases expelled from it, include the

following types:

1) turbojets (TRD) employing additional air compression by

means of a special installation consisting of a gas turbine and a

compressor;

2) ramjet engines (PVRD) which employ preliminary air compres-

sion of the air entering the combustion chamber by means of the

velocity head, under high-speed flight conditions (the so-called

compressorless engines);

3) pulsejets (PuVRD) which do not employ continuous preliminary

air compression, but fire intermittently.

A feature of the ramjet engine is its inability to develop

thrust without motion; therefore, the missile cannot take off in-

dependently. Ramjet engine missiles are launched by means of booster

engines or from an aircraft moving at a velocity of no less than

500 km/hr. Ramjet engines have found practical application for sub-

sonic velocities; however, they reach maximum efficiency at a velo-

lity corresponding to M = 4.5-5.0, when mass propellant flow rate

is lower by a factor of approximately 6 in comparison to the pro-

pellant flow rate in a rocket engine of equal thrust. Ramjet engines

are simple in construction, but their shortcoming lies in the fact

that engine operation is a function of velocity, angle of attack,

and altitude. Adaptation of ramjet engines tc operating conditions

at all altitudes is accomplished by the use of combined powerplants

consisting of a ramjet engine and a ZhRD.

Turbojets are most economical with respect to fuel consumption
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(flow rate). The following data can be used as a comparison: to

produce 1 kg of thrust in a turbojet engine, an average flow rate

of 1.1 kg/hr is necessary, whereas in the case of a rocket engine

this flow rate amounts to 17 kg/hr. The turbojet's drawbacks are:

large dimensions, weight, and frontal resistance.

Pulsejet engines of this class are usually used as flying

targets because of their low flight speed.

The selection of engines for guided missiles is based on

various considerations: required range, altitude, flight velocity,

type of trajectory, etc.

Sources of power. In addition to the basic sources of power

for sustainer and booster engines, a guided missile requires auxil-

iary sources of power for the operation of all equipment and instru-

ments, such as the fuel system, control-surface drives, various

types of electronic equipment, etc. Auxiliary sources of energy

(power sources) should be independent of the basic power plant,

as well as light in weight, reliable, and stable.

Auxiliary guided-missile power sources are usually divided

into three categories: mechanical, electromechanical, and electro-

chemical.

Mechanical power sources consist of a prime mover (usually of

the gas turbine variety) as well as fuel and oil pumps, etc. 'he

working fluid for auxiliary turbogenerators is either a compressed

gas (air, nitrogen, or some other inert gas), or some other chemi-

cal substance (cordite, hydrogen peroxide, or liquid fuels) which

produces the gas needed to turn the turbine.

In addition, auxiliary mechanisms for fuel supply and control

can be actuated by pressure accumulators, i.e., tanks containing

compressed air (pressure accumulators), auxiliary liquid
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(pressure accumulators) or powder reaction-thrust engines (powde.

pressure accumulators).

Electromechanical power sources are also equipped with a tur-

bine prime mover; however, it actuates an electric generator rather

than a pump.

An example of an electromechanical power source is the power

plant for guided missiles, developed by the Carret Company, for

actuating electric, hydraulic, or mechanical drives within the mis-

sile control system. In this installation the electric generator

is. mounted on the same shaft as the turbine whose wheel is rotated

by the exhaust gases obtained as a result of the combustion of a

solid or liquid propellant at a velocity of 2400 rpm. The genera-

tor's power amounts to 650 watts, but allegedly can reach 1600

watts. The entire unit weighs 11.5 kg, and its measurements are

330 x 250 x 180 mm.

Another example of an electromechanical power source is the

unit installed on the anti-aircraft guided missile "Erlikon." It

consists of a synchronous generator and a turbine, actuated by

compressed nitrogen.

However, electromechanical power sources are not sufficiently

reliable and rather complex in their operation. Consequently, work

is being done on developing new, lighter, and more dependable power

sourccs cspccially for guided missiles. For example, new chemical

power sources have been widely used abroad - primary (power cell),

as well as secondary (storage batteries). The most promising in

this field are the silver (oxide)-zinc secondary and mercury pri-

mary cells.

Primary cells have the advantage over secondary storage bat-

teries of being able to be stored in a discharged condition without
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needing any care. The electrolyte can be stored separately and

added at any predetermined time. Primary cells need not be charged

and are more dependable than secondary storage batteries. However,

secondary cells have other advantages that are important when they

are used on guided missiles: rather high reliability, maximum power

yield per unit weight and volume as compared to other sources, the

abiiity to operate in a wide range of temperatures, a long storage

time, endurance of vibrations and other mechanical disturbances,

and simplicity of operation.

Silver (oxide)-zinc secondary cells are lighter by a factor

of 6 and smaller by a factor of 5 in volume as compared to lead

secondary cells of equivalent capacity: they can yield 130 watt-

hours per 1 kg of weight, including the weight of the body and the

grid. The basic drawback of silver (oxide)-zinc secondary batteries

is their high cost, which exceeds the price of regular secondary

cells by a factor of approximately 4.

According to foreignpress reports, the American firm "Yardney

Electric" manufactures silver (oxide)-zinc secondary batteries

weighing 1.2 kg with measurements of 8.7 x 7.1 x 12.1 cm for the

power supply of radio equipment on guided missiles. The battery

has a capacity of 100 ampere-hours and a maximum discharge current

of 2000 amperes. The batteries can operate at temperatures up to

125 0 C and can withstand impact pressures up to 1000 G's. The com-

pany also manufactures high-power batteries for the operation of

servodrives with a capacity of 100 ampere-hours, a voltage of 28 v,

and a discharge current of 300 amperes for a duration of 10 minutes;

this unit weighs 38 kg and the high voltage 400 v batteries weigh

18 kg.

General Electric manufactures miniature solid electrolyte
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batteries with a shelf life of 20 years. The battery's voltage is

25 v. The range of operating temperatures is from - 730 to + 2740 C.

Its dimensions are: 8.5 mm in diameter, 2.5 mm in length, and 4.72

grams in weight.

During the past several years, silver (oxide)-zinc secondary

cells have been used particularly widely on guided missiles. They

have been used on the Viking rockets and the Matador and Falcon

missiles; they are also expected to be used on the Bomark missiles.

In addition to mechanical and chemical power sources on guided

missiles, other sources can be used. At the present time, a great

deal of work is being done in perfecting basically new power sources

- solar and atomic batteries, etc.

The body design of guided missiles, which determines their

aerodynamic design, will be examined in a separate (following) chapter

in view of its particular importance to the control system.

[Footnotes]

Manu-
script
Page
No.

13 *The Doppler effect is generally the change in the fre-
quency of oscillation received by the observer in the
case of a shift between the oscillation source and the
observer with respect to each other, said change being
a function of the velocity and direction of their mutual
shift.

In the case of radar, the Doppler effect is different
inasmuch as the receiver of electromagnetic oscillations
reflected from whatever object is located in the vicinity
of the transmitter of oscillations emitted toward the
object. In this case the magnitude of frequency change,
determined by comparing the emitted and received fre-
quency, is a function of the radial velocity component
of the shift of the radar and the moving object with
respect to each other, and the sign of the frequency
change is a function of the direction of this velocity
vector (on approach, the frequency increases, on moving
away, it decreases).
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[Footnotes, continued]

Manu-
script
Page
No.

17 *Launching and auxiliary boosters are usually similar
in design; however, their purpose is different; the
launching boosters are necessary for normal starting
conditions (attaining flight velocity) with reduced
length of launching racks; auxiliary boosters (basi-
cally, in the case of anti-aircraft and aircraft
guided missiles) are necessary for the fastest poss-
ible attainment of velocity.
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Chapter II

AERODY0TAMIC DESIGNS OF GUIDED MISSILES. THE EFFECT

OF MISSILE SHAPE ON CONTROLLABILITY

In order to achieve a maximum of accuracy in guiding a missile

toward a target, it is absolutely necessary to have good control-

lability, i.e., the missile should quickly and accurately assume

the position in space which is commanded by the guidance system.

The missile should also be easy to maneuver, in addition to being

sufficiently stable. These requirements can be satisfied by both

the on-board guidance system and by the appropriate design of the

missile and its aerodynamic assembly.

The aerodynamic design of the missile is selected on the basis

of its mission, flight conditions, and other tactical and techni-

cal requirements; all aerodynamic forces to which the missile will

be subjected in flight are considered. At this point, let us study

only winged guided missiles, since wingless ballistic missiles

traverse the major part of their trajectory in accordance with the

laws of external ballistics similar to artillery shells.

As a rule the airframe of a guided missile consists structur-

ally of an oblong body (fuselage), the carrying surfaces [airfoils]

(wings), control surfaces, and stabilizing surfaces (stabilizers).

The control and stabilizing surfaces of a missile are usually re-

ferred to as the empennage of the missile.

We differentiate among several aerodynamic designs of missiles
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depcnding on the number of carrying and control surfaces.

Should a missile be equipped with four mutually perpendicular

wings as well as four mutually perpendicular tail surfaces, the

design is referred to as a cross-shaped guided missile design. There

are two variations in this design:

1) tail surfaces situated in the same plane as the wings (Fig.

lla);

2) tail surfaces situated in planes forming a 450 angle to

the wing surfaces (Fig. llb).

a b)

Fig. 11. Cross-shaped assembly diagrams
of guided missiles - wings and control
surfaces are: a) in the same plane;
b) at an angle of 450 to each other.

The difference between these two versions of cross-shaped de-

sign is not very great from the point of view of aerodynamic effect,

and is of no great significance with respect to the control of the

missile.

The selection of empennage position is primarily based on other

considerations: ease of attaching launching and acceleration boosters,

dimensions of the launching installation, and convenience of opera-

tion.

If a missile equipped with two wings and two systems of con-

trol surfaces which function in a way similar to ailerons and ele-

vators on an airplane, the assembly is referred to as an airplane

assembly (Fig. 12).

The difference between the cross-shaped and airplane guided-

missile assemblies lies in the fact that the former achieves missile
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control independently in two mutually

perpendicular planes - individual

control surfaces for each plane,

whereas the latter requires the mis-

Fig. 12. Airplane assembly dia-
gram of a guided missile. sile to execute a simultaneous and

coordinated turn about the longitudinal axis (banking) in order to

turn, and consequently the flight direction must be changed (the

typical airplane turning maneuver).

A missile can be guided both by means of control surfaces as

well as by means of wings, which are mobile (turning) in such cases.

Depending on the surfaces by

_.___ means of which missile control is

__ __ they are located on the missile,

6 there can be three versions of

A aerodynamic guided missile designs:

controlled empennage (Fig. 13a),

Fig. 13. Aerodynamic diagrams controlled wing (Fig. 13c), and

of guided missiles. a) Guidance Canard configuration (Fig. 13b).
empennage; b) Canard configura-
tion; c) controlled wing. In the "controlled empennage"

design, the control surfaces are located in the tail section of the

missile and the wings, which act as carrying surfaces, are located

in the middle section of the missile.

In the "controlled wing" design, the wings serve as control

surfaces, which simultaneously are the carrying surfaces, thus

employing the tail surfaces as stabilizers.

In the "Canard configuration" design, small control surfaces

are located at the front end of the missile and large carrying sur-

faces (wings) are located closer to the tail end of the missile.
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All three versions of aerodynamic design can be employed in

the cross-shaped and airplane guided-missile assemblies. Every one

of the above has its advantages and disadvantages from the view-

point of aerodynamic properties. In order adequately to analyze

and evaluate these designs it is necessary first to acquaint our-

selves briefly with basic aerodynamic concepts as they apply to

guided missiles.

The missile's position in space can be determined by the three

coordinates (x, y, z) of its center of gravity within the earth's

system of coordinates (Fig. 14), adopting the launching site as the

origin of this system. The X axis is horizontal (usually in the

direction of firing), the Y axis is vertical, and the Z axis is

perpendicular to the first two axes.

Fig. 14. Position in space of earth
and connected coordinate systems.

The orientation of the missile in space is characterized by

the mutual position of the moving coordinate system (x', y', z')

connected with the missile and the earth's fixed coordinate system.

The origin of the missile coordinate system is located in the center

of gravity of the missile, and the X' axis is located along the

longitudinal axis of the missile, the Y' axis and the Z' axis are
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located perpendicularly to the longitudinal axis In the vertical

and horizontal planes of symmetry of the missile, respectively.

Y,

Z,r Z

Fig. 15. Angles of yaw f and Fig. 16. Vertical plane angles:
roll 'y. cp) pitching angle; a) angle of'

attack; 9) trajectory slope angle.

The relative position of the axes of the two coordinate sys-

tems and, consequently, the position of the missile in space is

fully determined by three angles (Figs. 15 and 16): the anglc of

pitch C (the slope angle of the longitudinal axis X' of the mis-

sile relative to the horizon plane XZ), the angle of yaw * (the

deviation angle of the longitudinal axis X' of the missile rela-

tive to the vertical plane XY), and the angle of roll -y (the slope

angle of the longitudinal axis Y' of the missile relative to the

same vertical plane XY).

A moving missile describes a certain trajectory in space.

Generally, in the case of missile flight along a trajectory the

velocity vector V, characterizing the direction of flight, does

not coincide with the longitudinal axis X' of the missile and is

directed along the tangent to the trajectory. ConseqHpimtly; the

position of the missile in the vertical plane can be additionally

characterized by two more angles: the angle of attack a (the angle

between the longitudinal axis X' and the velocity vector V) and

the slope angle of the trajectory 0 (the angle between the velocity

vector V of the missile and the horizontal plane XZ). Consequently,
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the angle of pitch cp can be expressed

cP = o *+ 0

The angle of attack is formed by means of the control units

of the missile. The actual values of the angle of attack are usually

relatively small (not exceeding 6-1o). In cases in which the flight

direction of the missile coincides with its longitudinal axis, the

angle of attack equals zero, and the slope angle of the trajectory

equals the angle of pitch.

The missile's position in the horizontal plane is, in addition,

characterized by the slip angle ( (the angle between the longi-

tudinal axis of the missile and the velocity vector in the horizon-

tal plane).

In addition to the thrust P (effective only in the active sector

of flight) and the force of gravity G Df the missile, the missile

in flight is affected by various aerodynamic forces whose magnitude

depends on the altitude and velocity of flight, the aerodynamic

design of the missile, and the location of the control units. These

forces (Fig. 17) are: the frontal resistance of the air against

the body of the missile and its empennage, and the lift created by

the airstream along the carrying and control surfaces of the mis-

sile. The lift in the vertical plane :Ls what is actually referred

to as lift.

A frontal resistance force is always present during a mis-

sile's flight through the atmospherc, regardless of angle of attack,

and is a weak function of this angle. The lift is directly propor-

tional to the angle of attack (slip angle) and will be reduced to

a minimum in cases in which the missile's direction coincides with

the direction of the longitudinal axis of the missile, i.e., when

a and P are equal to zero.
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Fig. 17. Aerodynamic forces and moments
acting on the missile: Nk, Nkr, Nr) Normal

components of aerodynamic forces (of the
airframe, the wings and the control sur-
faces, respectiveiy; N) resulting normal
force; Px frontal resistance force; Py

lift; Mts) total moment of the missile;

Msh hinge moment of the control surfaces.

(V is the velocity vector; a is the angle
of attack; 1 is the stability arm).

The mathematical expressions
751 

point out the factors on which the

0 _ ,magnitudes of these forces depend.

RZ- Frontal resistance P is deter-

mined by the following formula:
S I 2 1 4 6M

Fig. 18. Frontal resistance co- 2
efficient cx of the ballistic

missile as a function of Mach where p is the air density; V is the
number and the angle of attack
a. flight velocity of the missile (in

an undisturbed atmosphere); Sx is the characteristic area (maximum

cross section); Cx is the frontal resistance coefficient.

The lift P of the missile is expressed as follows:Y

Py. =Cy L- S
2 r

where Sy is the characteristic area (wing area); cy is the coef-

ficient of lift.

The dimensionless coefficients cx and cy (Figs. 18 and 19) are

usually determined in wind-tunnel tests. Basically, these depend on
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the shape of the missile and the flight velocity, and somewhat less

on other factors (air density and the linear dimensions of the

various parts of the missile).

The over-all system of aerodynamic forces distributed along

the missile's surface can be expressed in terms of the resultant

of these forces, the so-called total aerodynamic force. Whenever

e this force is applied to the mis-

18 sile's center of gravity, provided

that the angle of attack is not

-o equal to zero, a moment will thus

45 result which will turn the missile

into the pitch plane. This moment

o 2 3 4 5 sM is referred to as the stabilizing

Fig. 19. Lift coefficient cy of moment Mst of the missile (or the

ballistic missile as a function
of the Mach number and angle of pitching moment); its value is deter-
attack a.

mined by the formula

where 1 is the characteristic linear dimension (wing cord or length-X

of missile); cm is the moment coefficient (approximately of the

same nature as cx and c y).

The resultant of the aerodynamic forces can be applied to any

other point along the longitudinal axis of the missile, in relation-

ship to which point the resultant moment will vanish. This point

is referred to as the center of pressure and is located along the

longitudinal axis of the missile, usually somewhat aft of the center

of gravity. This distance between the center of gravity and the

center of pressure is determined by the degree of stabilization

or stability of the missile and is called the stability arm (Fig. 20).
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Whenever the stability arm has a positive value (the center of pres-

sure is located aft of the center of gravity), the dynamic forces

will produce a moment that tends to decrease the angle of attack

and restore the original direction of. the longitudinal axis. In

this case the missile will be static-

a ally stable. Whenever the center of

6 pressure is located ahead of the

-a2 center of gravity (which can happen

c -in the case of missiles without con-

1trol surfaces) the missile will be

Fig. 20. The stability arm 1 statically unstable. In order to ob-

of an anti-aircraft missiless
as a function of flight velo-
city with varying wing shapes. move the center of pressure farther
a) Delta wings; b) trape-
zoidal wings; c) sudden shift- back, and this is accomplished by
ing of the center of pressure
with approach to M = 1. means of control urfaces (stabi-

lizers). In this case the relationship of the stability arm to the

length of the missile is called the stability coefficient (margin).

In addition to the basic forces and moments that have been

examined, we should consider the damping moment which is the sum

of individual local aerodynamic moments produced along the surface

of the missile as a result of changes in the flow-past conditions

due to turns and oscillations of the missile. The damping moment

is opposite in direction to missile rotation, and iUs magnitude

is proportional to the angular velocity w of the missile.

The damping moment Md in the pitch plane is determined by the

following expression:

M. -= . S
2 V

where w is the angular velocity of missile rotation; 1 is the

characteristic dimension (length of missile); cd is the damping
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moment coefficient.

Usually, the damping moment of a typical missile is smaller

than the stabilizing moment by a factor of approximately 10.

The stabilizing and damping moments form the total moment Mts

of the missile.

All the forces and moments studied above pertain to one plane

- the pitch plane.

With respect to forces and moments acting on other planes,

the lateral force and rolling moment should be mentioned.

The lateral force Pz produced on deflection of the rudder

(direction), is analogous in nature to the mathematical expres-

sion for lift; however, this force acts on the horizontal plane

alone and produces the slip angle .

The rolling moment is of interest for the study of some aero-

dynamic effects on the motion of the missile in the pitch plane.

The roll moment M1 acting on the missile's longitudinal axis is

expressed as follows:

M = c, S,

where 1 is the characteristic linear dimension of the transverse-z

plane (wingspan); c1 is the roll moment coefficient.

The roll moment coefficient c1 changes in proportion to the

aileron-deflection angle and the angular velocity of roll.

Some of the aerodynamic forces acting on the control units

(surfaces) can be brought to the point of application, i.e., the

control surface hinge. These forces produce the control moment or

the hinge moment Msh.

As can be seen from the above formulas, the magnitude and ef-

fectiveness of the forces studied depend on the external flight
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conditions, aerodynamic assembly of the missile, and flight velo-

city. Summing the forces applied to the missile, and projecting

them onto the corresponding axes, as well as summing all the moments

with respect to the center of gravity, a system of equations of

motion for the missile in one plane can be obtained. Whenever a

missile executes a complicated motion in space (as, for example,

an anti-aircraft missile with respect to a maneuvering target), it

is necessary to study the forces and moments in terms of three coor-

dinate axes and introduce additional coordinates which would com-

pletely determine the position of the missile. The number of equa-

tions in this case will increase.

For a complete mathematical characteristic of guided-missile

flight, in addition to the equations of motion, equations of con-

trol must be derived, and these will express the control forces

(or deflection angles of the control surfaces) as functions of var-

ious parameters of motion or time. The form and number of these

equations will depernd on the control system and the missile guid-

ance methods which are selected.

In the case of certain types of guided missiles, intended for

striking immobile and slowly moving targets, the maximum magnitude

of lift for the missile is of secondary importance; however, in

case the missile is intended for striking a fast moving target such

as, for example, jet interceptors, this factor becomes extremely

important, since on it depends the ability to execute the necessary

maneuver. To produce the required lift, corresponding lifting sur-

faces are called for. The greater the wing area, the greater the

lift (or lateral force), given the same speed and identical angles

of attack. Greater lift can swiftly change the direction of missile

motion. In the case of missiles operating at various altitudes,
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maneuverability and controllability should be calculated so as to

provide adequate airfoils and appropriate control-unit efficiency

for high altitudes, whereas, for low altitudes sufficient airfoil

strength to permit flight under the stress of maximum G forces.

We know that a missile having a definite wing area at a given

altitude can follow a trajectory whose curvature will not exceed

some maximum magnitude. This maximum trajectory durvature is ob-

taired with the maximum normal G force (lateral acceleration).

Should the calculations be incorrect, it can happen that at high

altitudes the control surface of the missile will be deflected

through the maximum angle, and the maximum magnitude of the con-

trol force thus produced will be inadequate to turn the missile

with the required (theoretical) curvature of trajectory.

The magnitude of the forces acting on the missile (and its

various parts), depends on the conditions of air flow about the

missile at various flight velocities. The shape of the individual

parts of the missile is selected on this basis and should be stream-

lined for rated flight velocities.

The bqdy of any guided missile is usually well streamlined

and has a pointed nosecone. The middle part of the missile is gen-

erally cylindrical in shape, and the tail section is a truncated

cone. To reduce head resistance, the smallest possible body diameter

is selected, provided all the equipment and instruments can be dis-

tributed within it.

The force of the frontal (head) resistance consists of two

components at any flight velocity: friction and pressure. In cases

of small flight velocities, friction is the principal factor in

frontal resistance. On the other hand, under high flight-velocity

conditions, the dominant factor is pressure, which can be divided
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into two components: pressure at the front and expansion in the

rear. From the viewpoint of head-resistance magnitude, the great

nosecone pressure is of considerably greater importance than the

small vacuum created at the flat tail base.

In the case of supersonic velocities the force of the frontal

resistance increases greatly because of the wave resistance pro-

duced by compression waves (high pressure zones or, in other words,

shock waves).* To decrease the nosecone pressure, a suitable shape

is usually selected (for example, ogival), disregarding the ex-

pansion in the tail section. Therefore, in. cases of high sonic velo-

cities it is quite permissible to employ a blunt tail-section shape

for the missile.

In cases of subsonic and supersonic velocities of missile

flight with an angle of attack, the airflow conditions change be-

cause of the lateral air movement. This airflow leads to the addi-

tional formation of vortices and, consequently, to additional re-

sistance, so-called induced resistance.

The pronounced difference in airflow conditions about the body

and flat surfaces at subsonic and supersonic velocities has a great

effect on the design of the missile and its surfaces.

Shapes of guided-missile wings can be extremely varied. As we

have pointed out, the area of the wing is determined by the magni-

tude of the control (lift and lateral) force necessary to ensure

missile maneuverability as provided by the guidance method. The size

of this surface depends on the altitude and flight velocity of the

missile: as the altitude increases, the size of the required wing

area increases also; as the velocity increases, wing area decreases.

The wing shape, in plan, is selected so as to ensure stability

and controllability of the missile in flight, over the entire
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range of changes in flight velocity and minimum frontal resistance.

Rectilinear, trapezoidal, and delta wings (Fig. 21), generally

of small span, are used on guided missiles. Delta and trapezoidal

wings, generally made to have swept-

back leading and nonswept-back trail-

a b ing edges, are the most common. GreatS a b ,c
" , sweepback reduces wave resistance,

Fig. 21. Typical guided-mis- but a swept-back trailing edge is not
sile wing shapes

a) rectangular, with rhombic mandatory, since at supersonic vel-
shape, and flat sections; b)
trapezoid with double-convex ocities it affects the region behind
shape; c) trapezoid, with
rhombic shape. the edge rather than wing frontal re-

sistance. Moreover, a nonswept-back trailing edge is much more con-

venient for the positioning of control units.

For missile flights at supersonic velocities, thin pointed sur-

face shapes are the most advantageous.

Guided-missile control units are quite different from those of

airplane*missiles and they may exhibit great variety. A change in

control-unit position results in the appearance of an angle of attack

,which in turn produces lift and the corresponding normal missile

acceleration in the direction assigned by the control system. In

missile flight in airless space, missile control is achievei

by the stream of exhaust gases acting on the gas vanes or directly

by the turning of the engine combustion chamber (Fig. 22).

Control surfaces such as flaps on stabilizers, "empennage"

surfaces, and the wings themselves, may be postioned on any

part of the missile, depending on the aerodynamic design of the

missile.

If the "empennage" surfaces are situated at the front of the

missile (they may either be controlled or uncontrolled), and they

- 38 --



usually do not produce stabilization, but actually destabilize.

Therefore, fixed front-end "empennage" surfaces are usually re-

ferred to as destabilizers. However, destabilization is not always

a negative factor. In certain cases, some degree of destabilization

is useful, i.e., whenever it is necessary to increase missile

maneuverability.

Controlled front-end surfaces

are called nose vanes. They have the

advantage of making it possible to

control a two-stage missile in flight

4both with a booster and after the

Nbooster has been jettisoned.

Control surfaces located at the

tail serve the combined function of

elevators and rudders, as well as

"' "i' ./ I acting as ailerons. The ailerons

located along the trailing edge of

Fig. 22. Ballistic rocket con-
trol (surfaces). a) Gas vanes; the "empennage" surface or the wing
b) rotating engine.

cantilever beams control the missile

and serve to stabilize roll.

Tail control surfaces can be mounted both with fixed surfaces

(stabilizers) as well as in the form of individual (independent)

hinged control surfaces. The former are usually used on missiles

of subsonic velocities, and the latter on missiles of sonic and

supersonic velocities.

The control surfaces of supersonic missiles, as well as the

lifting surfaces, are usually small, thin, and usually have sharp

edges. Nevertheless, these are capable of producing considerable

stresses, allowing the missile to maneuver with normal G forces
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ranging from 7 to 20 g, produced by great dynamic (ram) pressure.

With the deflection of such control units, aerodynamic forces arise

at the most deflected control surfaces. Deflected control surfaces

cannot change the lift or lateral force produced on the fixed wing

and "empennage" surfaces located in front of the control surfaces

as is the case under subsonic velocity conditions. This is explained

by the fact that under supersonic velocity conditions, the action

of aerodynamic forces (sound waves) cannot be propagated in the

direction of flight. Thus, under supersonic velocity conditions,

the basic advantages of conventional flap-type control surfaces

are lost. Hence the necessity of replacing the conventional control

surfaces by hinged "empennage" surfaces or wings, or to locate con-

trol surfaces ahead of the wings.

The selection of an aerodynamic design for a missile should be

based on a consideration of the possible interference of airflows

around the body and wings, given an angle of attack rot equal to

zero. An inclined missile body directs the flow of air along its

body at an angle to the wing. The airstream from the body, on strik-

ing the wing, increases its angle of attack which, in the area ad-

jacent to the body of the missile, is virtually doubled. However,

for supersonic flight velocity, it is advantageous to have a small

angle of attack. Therefore, measures are taken to eliminate harmful

airstream interference around the body and the wings of the missile.

To ensure the stability of nonrotating guided missiles as well

as airplanes, stabilizing surfaces are necessary. Stability problems

are extremely complicated for a missile, since the center of wing

c..essure with any change in the angle of attack as well as

with changes in velocity (Mach number). In addition, airstreams

from the wings, located in front of the stabilizing surfaces, can
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interfere with the streams flowing over tne stabilizer-s located in

the tail section. To minimize interference, the stabilizing surfaces

are very often mounted in planes sloping at a 450 angle to the sur-

face of the wings.

Whenever a missile is stabilized in flight by means of its

tail "empennage" surfaces it exhibits some tendency to rotate about

its own axis, since it is impossible in practice to make a missile

exactly symmetrical. It is difficult to make the stabilizers exactly

parallel, and even if it could be done, the missile would still

rotate because of the unevenness of its surface. Rotation is often

intolerable, since it can interfere with the operation of some in-

struments installed within the missile; in that case, special anti-

rotation equipment is necessary. It is sometimes felt that some

rotation is desirable, since it equalizes the effects of the mis-

sile's lack of symmetry, and this in the end can decrease missile

scatteving.

Let us briefly examine the features of known aerodynamic de-

signs, as well as their basic advantages and disadvantages from the

point of view of missile control.

The controlled "empennage" surface design employs the control

surfaces installed in the tail section of the missile to increase

the angle of attack of the entire missile body, and the wings are

used to obtain the necessary lift. The advantage of this design

lies in the fact that the control surfaces are usually of small

dimensions. The characteristic feature of this design lies in the

fact that the angle of attack is somewhat delayed with respect to

the turning of the control surfaces, as a result of which lift is

obtained only after the entire missile angle-of-attack has been

established. From the standpoint of maneuverability and controlla-
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;ility this is a drawback of the design.

The controlled design has the advantage that the lift ncces-

sary for maneuvering is produced immediately, as soon as the wings

begin to turn. However, this advan-,age cannot always be put to use,.

since the turning wings have a considerably larger lifting surface

as compared to the tail control surfaces, and consequently, a much

greater hinge moment; this results in a considerable delay in servo-

mechanism execution of commands as compared to the case involving

tail control surfaces. This requires greater power and dimensions

-or the servomechanism. In addition, the clearance between the canti-

lever-beam of the wing and the fuselage produces a loss of the lift

created by the root section of the wing, and this represents a

major part of the total lift. In this case, the tail control sur-

faces ensure the necessary stability. The turning wing thus be-

comes structurally heavy; however, it makes possible a convenient

interior assembly of the missile whenever the control apparatus

and the automatic pilot are located in the middle section of the

missile, directly in the vicinity of the control units (wings). A

positive feature of this design is the possibility of gaining alti-

tude without increasing the angle of attack of the entire body of

the missile.

The canard configuration features small control surfaces

located in the nose section of the missile, and these are used to

increase the angle of attack of the entire body, and the large

wing surface in the tail section is used to achieve the required

maneuverability. The apparent advantage of this design lies in the

fact that the front control surfaces produce lift that acts in the

same direction as the total lift of the missile. This results in

a rapid creation of the lateral (normal) acceleration necessary
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for maneuvering. The British are of the opinion, however, that in

reality the harmful effects of the airstream from the front control

surfaces to the basic wings of the missile are so great that they

completely offset the above advantage of the design, to the point

of being more serious. The small control surfaces and the ability

to gain altitude rapidly are still advantages of the design.

In order to gain a better understanding of the control of mis-

siles of various aerodynamic designs it is expedient to examine

missile control methods employed in cross-shaped and airplane-type

missile assemblies.

A guided missile of any cross-shape design almost always ex-

hibits rigorous roll stabilization, so that in maneuvering in any

plane the effects of roll are eliminated and control of the missile

in the two mutually perpendicular planes (vertical and horizontal)

is accomplished independently: one pair of control surfaces con-

trols heading, and the other controls pitch. A maneuver in any in-

clined plane is accomplished by communicating simultaneously to the

missile an angle of attack in two planes, each angle independent

of the other. In the case of small angles of attack (below 100)

such control is accomplished without particular difficulties. How-

ever, in the case of large angles of attack, we encounter the

mutual effect of motion in two planes. This is a result of the

"overlapping" of the airstreams on some parts of the lifting and

control surfaces, with the simultaneous deflection of the missile

by the angle of attack in the pitch plane and by the slip angle

in the yaw plane; th~s results in unequal lift for the surface pairs

and brings about disturbing moments of roll. This can lead to in-

stability of motion, particularly in the case of missiles with

various longitudinal and lateral characteristics. In practice, how-
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ever, simultaneous maneuvers with great angles of attack in both

planes occur but rarely over great periods of time.

The method for cont roll ing a missile of cross-shaped design

is referred to as rectangular-coordinate-system control.

An airplane-type guided missile is not stabilized with respec.

to roll, since a coordinated turn is employed for the execution of

the maneuver in this case, and this in turn requiressimultaneous

roll to a certain position of the lifting surfaces and the communi-

cation of the necessary angle of at'-ack. In this case the system

of control surfaces is so arranged that one pair of suifaces, acting

as ailerons, turns the missile about its longitudinal axis, and

the other pair, similar to elevators, changes the flight direction

of the missile. The angle of roll during the maneuver is deter-

mined by the radius of the turn and flight velocity; however, it

0is always less than 90 . A design with two turning wings, acting

independently of each other, and four fixed tail stabilizers is

considered preferable.

The control method for the airplane-type missile is referred

to as the polar coordinate control system. The accuracy of this

method depends greatly on the accuracy of roll execution and the

speed of it's change. In the case of roll that does not correspond

to turn, a pitch disturbance is produced, and this requires the

introduction of correction factors which are executed ir the con-

trol system by means of the couplings between the control channels

(the so-called cross couplings). Airplane-type designs are mostly

used for missiles of the "ground-to-ground" classification in which

altitude control is accomplished by an altimeter, and heading con-

trol requires only insignificant additional turns.

On the basis of foreign data, a comparison of cross-shape and
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airplane-type missile designs shows that from the point of view

of control accuracy there is a very insignificant difference be-

tween them. The airplane design has some structural advantages, i.e.,

given the same lift, a smaller over-all wing area is required, and

this decreases the weight of the missile and simplifies the launch-

ing installation.

There is one more method of control, the so-called intercep-

tion method (a variation of the polar coordinate control system).

This method involves the following: the trailing edges of the wings

or stabilizers have thin control surfaces installed perpendicularly

to the air stream (stream breakers or interceptors), which are made

to vibrate continuously at a frequency of 10-20 cps by means of

an electromagnetic drive. The principle of control involves chang-

ing the duration of surface deflection in each maximum deflection

position. Whenever no maneuvers are being executed, the stream

breakers vibrate uniformly, remaining in their extreme positions

for equal periods. Whenever a maneuver is to be carried out, the

stream breakers are kept in one extreme position for a longer time

and, correspondingly, less in another. Should it be nenessary, the

stream breakers can be kept in any extreme position. An advantage

of this method of control is the low inertia (lag) of the servo-

mechanisms and, consequently, a faster reaction to control signals.

In addition, the interceptor system weighs less and is more compact

in comparison to the usual servo-control system. A drawback of the

interceptor method is the substantial increase in missile head

resistance and inefficiency under conditions of high flight velocity.

After the aerodynamic design of the missile has been selected

and its design computed, i.e., when we have an adequate idea of

missile flight stability and controllability, subsequently, in
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planning of the on-board control system we take into considera-

tion the possibility of short-term or constant factors which might

disturb the missile, affecting the accuracy of missile guidance

to the targeL. The random or short-term factors include the various

types of disturbances brought about by changes in external flight

conditions or by the uneven performance of the engine, i.e., wind

gusts, unforeseen changes in engine thrust, etc. The systematic or

constant factors include certain technolcgical imperfections or

errors in the design of the missile, such as inaccuracies in the

manufacture of the missile body, the wings, stabilizers, or the in-

stallation of the engine slightly off center.

Fig. 23. Angular oscillations of guided
missiles on trajectory; a) short-period
oscillations (rocket); b) phugoid (air-
plane-missile); 1) trajectory of disturbed
motion; 2) trajectory of stable undis-
turbed motion.

Without thc influence of these factors on the missile, and

if we take into consideration only the influence of the above-men-

tioned natural forces, the missile would carry out an assigned so-

called undisturbed motion. However, this never happens in practice.

Under the influence of constant factors, basically due to

changes in velocity, long-period or so-called phugoid oscillations

are produced (Fig. 23).

In some types of missiles, phugoid oscillations are so slight

that they are not taken into consideration.
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Under the influence of' short-term disturbances, as well as

in carrying out a turn (changing the angie of attack), the missile

deviates somewhat from the trajectory of undisturbed motion; how-

ever, given a positive stability margin, it will return to its

original positi on. iassing through this position (because of inertia)

through some angle to the opposite side. Thus, angular oscillations

will be produced for some time, but these will, however, be at-

tenuated as a result of the damping moments. The period of these

oscillations is usually small (it basically depends on the stability

coefficient), and as a result such missile oscillations are referred

to as short-period oscillations.

Thus, it is apparent that in reality the flight of a guided

missile does not take place along an exact theoretical trajectory,

but that certain deviations exist, and only sometimes does the

missile approach the assigned line of motion. This has its effect

on the accuracy of missile guidance to the target.

Consequently, the on-board control system must achieve maxi-

mum missile flight stability, i.e., to limit all oscillations and

cause them rapidly to decrease, in addition to carrying out the

guidance system commands, since it is impossible completely to

eliminate these oscillations; these tasks are in addition to the

elimination of the constant factors that ha1d not been predicted in

advance.

[Footnotes]
Manu-
script
Page
No.

37 The phenomenon of the appearance of the first compression

waves, beginning at the critical subsonic velocities, is
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[Footnotes (cont'd)]

Manu-
script
Page
No.

37 (cont'd) referred to as the wave crisis.

38 Excluding certain airplane missiles in which the control

units are similar i-o those of an airplane.

[Transliterated symbols]

Manu-
script
Page
No.

31 N = Nk  Nkorpus Nairframe

31 N p = Nkr= Nkrylo = Nwing

31 Np Nr = Nu
p r N ' Ncontrol surface

31 Ml = Mts = tselyy = Msummary

31 MIU = M sh = sharnirnyy = Mhinge

31 LT = TsT = Tsentr tyazhesti = Center of Gravity

31 H = TsD = Tsentr davleniya = Center of Pressure

32 MCT = M st = Mstabiliziruyushchiy = Mstabilizing

33 M = Md = Mdempfiruyushchiy Mdamping
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Chapter III

ON-BOARD MISSILE CONTROL SYSTEM

The on-board missile control system (or in other words, the

on-board loop) represents a link in the over-all control-system

loop (Fig. 24).

l)opmesas cucMemfa YnpaoSeAuI
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Fig. 24. Simplified block diagram of a

missile control system. 1) On-board con-
trol system; 2) amplifier; 3) servo-
mechanism; 4) control surfaces; 5) mis-
sile airframe; 6) automatic pilot;

7) measu:ing element; 8) required posi-
tion of the missile; 9) guidance system;
10) actual position of the missile;
11) kinematic element.

This system is designed for the direct control of the missile;

i.e., accurate and rapid execution of all commands with respect to

changes in missile trajectory that are emitted by the guidance

system, and assurance of stable missile flight over all sections

of the trajectory in the absence of commands.

The guidance system, upon receipt of information on the rela-
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tive position of the missile and the target, employs its computer

equipment in accordanie with the given guidance method and deter-

mines the most advantageous point of contact and works out control

commands, whicn serve as control signals for the on-board control

system.

The control signal from the guidance-system output is trans-

mitted to the on-board control-system input, amplified, and con-

vected into a substantial force which is able to deflect the missile

control surfaces through an angle corresponding to the magnitude

of the error signal. The control units act to make the turn, and as

soon as the missile eLters the correct course or the error signal

vanishes (no command signal is transmitted), the control units

revert to the normal (in other words, to the zero or neutral) posi-

ulon, and the missile will proceed in a straight line in the cor-

rect direction.

In cases of flight along a predetermined curvilinear trajec-

tory, the error signal (mismatch at the system input) does not dis-

appear.

Thus, there is a close interrelationship between the guidance

system and the on-board control system, which influences the per-

formance of the over-all control system of the missile.

The on-board control system is an important and vital link

in the control system. The accuracy of missile guidance to the tar-

get depends on the quality of its characteristics. The on-board con-

trol system should assure missile stability and maneuverability in

flight. In order to render the missile sufficiently maneuverable,

the system should assure execution of turns with a certain minimum

radius, i.e., it should be able to ensure the necessary lateral

overloads (lateral or normal accelerations) of the missile. In some
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cases the missile may have some internal stability, since the best

maneuverability is attained in this case. in addition, the system

should functicn normally under assigned (ratA) longitudinal ac-

celeration over a rather wide range of altitudes, velocities, and

tcmperatures, and it should resist vibration, etc.

The on-board control system in terms of operating principle,

is included in automatic control systems, since it automatically

controls the position of the missile airframe. This system is a

closed loop which has an input and output, as well as feedback from

output to input. Since the so-called "external disturbance," i.e.,

the command from the guidance system, is an input to the system,

and the output of the system repeats or follows-up the input com-

mand (the output is the position of the missile), such a control

system is referred to as a follow-up or servosystem.

When a missile follows a given straight-line trajectory (when

there is no error signal at the input of the system), the task of

the on-board control system consists in maintaining the missile

flight along the trajectory, i.e., stabilizing the flight. In this

case, the on-board missile control system greatly resembles thc auto-

matic pilot of an airplane.

However, there is a difference between the automatic pilot of

an airplane and a missile. The automatic pilot was originally de-

signed for the purpose of relieving the pilot during straight-line

horizontal flight. The basic task of such an automatic pilot was

to react to random disturbances created by gusts of wind and to com-

pensate for the steady-state disturbances created by side winds

and faulty handling of the control units. Consequently, this type

of automatic pilot was faced with the comparatively simple task of

maintaining stability. Further improvements in the airplane auto-



pilot made possible changes in flight regime with respect to head-

ing, ro.1, and pitch, by means of push-button control, including

coordinated turns of the airplane, in which case a certaLi roll cor-

responds to the angular velocity of the turn.

The automatic pilot of the guided missile, which is an automatic

stabilization and control system involving the use of the control

units, differs from the airplane autopilot since it is' designed to

ensure missile stability as well as maneuverability.

Thus, the on-board control system serves as a flight stabiliza-

tion system when there is n2 command signal, and with a command sig-

nal, it is a follow-up control system.

1 exo3 6 Peap 7 t') Muuea &po 9)

Fig. 25. Component elements of the on-board control system; 1) Input; 2) signals
from the guidance system; 3) error signal;

4amplifier; 5) adder; 6) servomechanism;
7)cntrol surface; 8) kinematics of the

missile; 9) output; 10) (to the monitoringinstruments of the guidance system);

11) measuring element.

Generally, the on-board control system should stabilize and

ccntrol the missile with respect to three coordinates: pitch, yaw,

and roll, i.e., it should have three individual stabilization and

control channels.

However, every missile does not require such a system.

For example, cross-shaped aerodynamic missile designs are most

convenient, from the practical standpoint, if the on-board control
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system utilizes only two channels fov control: the pitch and yaw

channels; the roll of the missile is stabilized by means of a sep-

arate stabilization system. Stabilization of missile roll in this

case is necessary in order to avoid control errors which could arise

because of roll. Roll results in the incorrect redistribution of

the control signals among the channels. For example, when a command

is sent for the change of missile trajectory with respect to pitch,

this command will to some extent be unnecessarily controlled in an-

other plane. To eliminate the mutual influence of the channels on

one another (in order to eliminate cross-couplings), missile roll

must be stabilized reliably. In come cases, complete roll stabiliza-

tion is not required, i.e., it is sufficient to provide for low roll

velocity on the part of the missile. In other cases, there need be

no special missile stabilization system for roll, and in that case

special equipment is needed to introduce correction signals (in

the redistribution of commands) into the control signals of every

individual channel to compensate for the roll.

In the case of airplane aerodynamic missile designs, where mis-

sile control is achieved by means of coordinated turns, there is no

roll stabilization system, since a coordinated turn - for example,

with respect to heading - calls for simultaneously coordinated

motion with respect to roll and yaw. In this case, cross-couplings

and s-pcci.al cqui'pm-nt are nec~essary, and these would distribDutc the

control signal to the channels in appropriate proportions.

There can also be simpler control systems; for example, there

can be single channel systems in which missile stabilization con-

trol is accomplished by means of only one channel, i.e., the yaw

channel. Such a stabilization system is referred to as the auto-

matic heading control system and is usually employed on ballistic
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rockets.

Let us briefly study the structural designs of automatic pilots

and their basic elements on guided missiles. The autopilot loop

(Fig. 25), like that of any other follow-up system, consists of

measuring (or sensing) devices, amplifier-converter, and follow-up

devices.

The amplifier-converter equipment amplifies the weak control

signal and converts it into a form suitable for the control of the

corresponding power devices.

The follow-up equipment (in this case servo drives) directly

affect the control units (control surfaces) thus changing the direc-

tion of missile airframe motion, i.e., they change, so to speak,

the kinematics of the missile.

The measuring (or sensing) elements measure the quantities which

characterize the actual position of the guided missile, and trans-

mit corresponding signals to the input of the automatic pilot by

means of the feedback system; these are added (actually, subtracted)

to [from] the command signals from the guidance system (provided

there is one) and they form the differential error signal or the

control signal, which on having been amplified and converted, con-

trols the control surfaces so as to reduce the error signal to zero.

Autopilot feedback loops, as in the case of any automatic con-

trol sytcn, have various designations.

First of all, feedback closes the control loop of the automatic

pilot and makes it possible to transmit to the system input the

deflection magnitude of the object, measured by the sensing ele-

ment; this quantity results from control for the purpose of com-

paring the actual position of the missile against the required posi-

tion. In the absence of other feedback loops, these systems are re-
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ferred to as single-loop systems. However, in order to improve -he

control process, additional or internal feedback can be traAsmitted

to the autopilot, thus connecting one of the subsequent links of

the system with one of the preceding links in order to control the

degree of influence of an individual link on the performance of the

over-all system. Such feedbacks are usually "rigid" (i.e., propor-

tional to the quantity being controlled) and are referred to as

parallel or correctional, and as a result of their utilization the

system becomes a multiloop system.

In the case of more complicated autopilots so-called "flexible"

feedbacks can be used, and these provide for the introduction of

signals into the system that are proportional to the deflection

angle of the missile in addition to the signals that are proportional

to the velocity and acceleration of this deflection. The introduc-

tion of such additional signals enhances the ability of the stabili-

zation units to return the missile more rapidly and forcefully to

the required trajectory in cases of rapidly increasing missile Jevia-

tion from the required trajectory.

Basically it is possible to introduce signals into the system

not only of the velocity and acceleration of' the measured angle,

but also higher-order derivative signals.

Autopilot circuits and designs may vary in complexity, depend-

ing on the designation of' the missile, its aerodynamic design, and

the requirements of guidance accuracy.

When the requirements imposed on autopilots are less rigid,

far simpler measuring elements as well as other intermediate links

are utilized; a minimum number of feedback loops is used. Missiles

equipped with such autopilots will, in practice, fly the desired

trajectory in an unstable manner, oscillating with respect to this
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theoretical trajectory ("twisting"). Although the wings and the

empennage danp some of the missile orcillations along the trajec-

tory. this fact in itself is completely insufficient. In order to

achieve more stable flight, more complex automatic pilots consisting

of more sensing elements and a greater number of feedback loops

are necessary; this would ensure the smoothing out (damping) of

these missile oscillations.

Autopilot measuring or sensing elements include potentiometers,

gyroscopes, accelerometers (acceleration-measuring devices), as well

as angle-of-attack and slip angle sensors, velocity head sensors,

etc.

The potentiometers are employed in such purely potenti1ome

sensing elements as, for example, a servo-loop, where they measure

the angle of control surface deflection, in addition to which they

are also used as the measuring elements of the gyroscopic sensing

elements.

The gyroscopes serve as the basic measuring elements of con-

temporary autopilots and they are used in a great variety of ways.

Two well known gyroscope properties are employed in gyroscope

sensing elements:

1) the ability to maintain a constant direction in space for

its axis of rotation, in the absence of an external disturbance;

2) the precession that appears as an external moment is applied,

i.e., to deflect its axis of rotation at a certain angular velocity

in the plane perpendicular to the plane of moment application.

Gimbal-suspended gyroscopes may exhibit a varying number of

degrees of freedom. In the majority of cases, three-degree and two-

degree gyroscopes are used.

A gyroscope in which the turning of the rotor about the axes
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of rotation of the inner and outer frames of the gjmbal suspension

is not restricted in any way is referred to as a three-degree or

free gyroscope. A gyroscope of this type makes it possible to change

the turning angle of the missile about any axis. In view of this

property, a gyroscope of this type is referred to as a position

gyro.

One position gyroscope can measure two angles simultaneously,

but it cannot measure the turn angle about the axis coincident (.or

parallel) with [or to] the main axis of the gyroscope. It is for this

reason that at least two position gyroscopes have to be installed

on a missile in order to measure three angles (pitch, yaw, and roll).

For all intents and pur0poses this is what is actually done in practice:

for the measurement of three angles, two gyroscopes are installed -

a horizontal gyroscope - which measures the angle of pitch, Fig. 26a,

and a vertical gyroscope which measures the angles of yaw and roll,

Fig. 26b.

Whenever a gyroscope is deprived of one of its degrees of free-

dom, by being suspended on one frame, and the rotation of the frame

is restricted by a ,pring, such a two-degree-of-freedom gyroscope

will enable us to take measurements of the angular velocity of mis-

sile turn about any one of its axes. Such gyroscopes are referred

to as precession or rate gyroscopes. Sometimes there are also re-

ferred to as gyrotachometers. A precessional gyroscope measures the

angular velocity only with respect to one axis - the axis of the

missing degree of freedom.

In addition to the above-mentioned basic gyroscope types,

guided missiles can also utilize other gyros (for example, inte-

grating gyros), with a varying number of degrees of freedom.

Accelerometers of various types are utilized in order to
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Fig. 26. Diagram and installation principle for
the gyroscope on a guided missile, a) Horizontal
gyro; b) vertical gyroscope; 1) gyroscope rotor;
2) stator winding; 3) pendulum of correction
device; 4) electromagnet; 5) gimbal frame-
6) contact mechanism; 7) electromagnet; 8J poten-
tiometer; 9) potentiometer pulley; 1) vertical;
2) pitch angle; 3) programming mechanism; 4) yaw
angle; 5) roll angle.

measure missile acceleration, during missile motion or during

random jolts or airframe vibrations. In order to measure linear ac-

cele2ations, linear or pendulous accelerometers are employed. The

simplest linear accelerometers are made in the form of a mass, sus-
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pended on two sides by springs (see Fig. 99). As the missile ac-

celerates, the mass of the accelerometer, positioned in a certain

direction, with its tendency to remain stationary, shifts with re-

spect to the frame of the instrument. This shift, which is propor-

tional to the acceleration, is established by the potentiometer. In

order to measure angular accelerations, angular or gyroscopic ac-

celerometers are utilized. Recently, other, more accurate angular

accelerometers have been developed.

The signals obtained from the measuring elements (usually from

the potentiometers), are transmitted to the amplifier-converter

equipment, which serves as the subsequent links of the autopilot,

the so-called intermediate links. Depending on the design and con-

piexity of the autopilot, the assembly and types of element in the

intermediate links can be extremely varied. Let us examine an indi-

vidual element of the amplifier-converter equipment, which can be

utilized in the various channels of an automatic pilot.

It was pointed out earlier that in order to achieve better

control stability, it is expedient to introduce into the autopilot

the components of the control signal, propoirtivluai to the angular

velocity and angular acceleration of the missile. For this purpose,

instead of precessional gyroscopes and accelerometers, we sometimes

employ differentiation of signals from a free gyroscope. This is

accomplished by means of differentiating cells of differentiating

loops. Since differentiation is accomplished more simply by means

of differentiating cells operating on direct current, potentiometer

sensing elements are also supplied from a direct-current power source.,

The differentiating cell is a loop of an appropriately con-

*nected ohmic resistance and a capacitor (RC loop). For double dif-

ferentiation (obtaining the second derivative), we use two dif-
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ferpntiating cells, connected in series.

Since a differentiating loop considerably weakens the signal,

it requires further ampliLication. A-C amplifiers are primarily used

to amplify the signal. Therefore, a direct-current signal having

passed through the differentiating loop (or directly from the

potentiometer) is converted by means of a converter into an A-C

amplitude-modulated signal in accoreance with the direct-current

input signal. The converter consists of transformers and selenium

rectifiers. After amplification in the amplifiers operating on elec-

tron tubes or transistors, the control signal is transmitted to the

servomotor (servomechanism). If an A-C signal were required for the

control of the servomechanism, the amplified A-C signal would again

be converted into a direct-current signal by means of a demodulator.

Such a process of control-signal frequency conversion is com-

plicated and cumbersome, and consequently, magnetic amplifiers have

recently been employed in automatic pilots; these amplifiers amplify

the direct-current signals without any conversions. Utilization of

magnetic amplifiers is al so fea Sibl e because we frequently use amipli-

fiers at whose input several signals are simultaneously applied, i.e.,

the so-called summing or differential amplifiers. In such cases,

magnetic amplifiers are convenient, since every magnetic amplifier

can have several input windings, which can be connected very simply

for the addition or subtraction of signals. The output winding trans-

mits the signal to the motor of the servodrive.

Relay amplifiers can also be utilized in automatic pilots. The

type of amplifier, as a rule, is determined by the type of servo-

drive and the power sources.

Other elements and devices can be utilized in the intermediate

links of an automatic pilot, and these are intended especially for
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Fig. 27. Miniature hydraulic servo-

mechanism of a g'ided missile.

the improvement of the characteristics of var±iou6 links and the per-

formance of the on-board control system as a whole.

The servodrives or servomechanisms are the follow-up units of

the automatic pilot, and these deflect the control surfaces in ac-

cordance with the amplified and converted contrnl signal. Missilcs

can employ hydraulic, pneumatic, or electric servomechanisms.

The hydraulic drive, in comparison with, for example, an elec-

tric drive has several advantages: it has greater overload capacity,

requires less power in the case of a large hinge moment (force on

the control units), etc. In comparison with the pneumatic system,

the advantage of' the hydraulic drive lies in the smaller time delay

for the execution of a received command. In addition, the dimen-

sions of the hydraulic mechanisms at the moment are quite small,

which is vital from the standpoint of their utilization on missiles

(Fig 27).

The selection of a servodrive is based on many factors, includ-

ing the power sources. Therefore, for example, on missiles carrying

a great variety of electric equipment it is expedient to use electric

servomechanisms, and in the case of a high-pressure gas source it
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is advantageous to use a pneumatic mechanism. Hydraulic and pneu-

matic drives are in greatest use. However, the pneumatic drive is

preferred for missiles of small dimensions.

At the present time, missiles are using servomechanisms ranging

in power from a fraction of a kilowatt to 40 kilowatts. Each servo-

mechanism generally controls one control surface and therefore the

number of servomechanisms is determined by the number of control

surfaces on the missile.

The selection of a servodrive is also affected by the type of

control units (aerodynamic surfaces, gas vanes, or rotating engines),

which ave ielec'ted on theu basis of missLile assignment, tactical and

technical requirements, and consequently, its aerodynamic design as

well.

Aerodynamic control surfaces are utilized when flight altitude

and mitsile velocity in the atmosphere are sufficient for obtaining

the corresponding aerodynamic'forces necessary for missile control;

gas vanes and rotating engines are used whenever missile velocity is

low or the atmosphere greatly rarefied.

Deflection of missile control surfaces results in a change of

its position in space. In other words, the output of the automatic-

pilot loop represents a change in the elements of motion of the mis-

sile airframe: in the horizontal plane, it is the angle of yaw and

the slip angle; in the vertical plane, it is the angle of pitch,

angle of attack, and the slope angle of the trajectory. A change in

these elements brings about a change in the slope of the "missile-

to-target" line. A change of direction in the "missile-to-target"

line is called the kinematic relationship or the kinematic element

(see Chapter V), which is incorporated in the control system loop

as a separate link.
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The on-board control system, which is one of the most important

component par ;s of the control sysLem, can .-c characterized by a

series of static and dynamic characteristics for the entire system

as well as for each of the Individual links.

The static characteristic of the system is the relationship be-

tween the output (controlled) quantity and the input quantity in

the steady-state regimes of system operations. The shape of this

function is usually curvilinear, and therefore, these characteristics

are referred to as nonlinear. The slope of the static characteristic

indicates the coefficient of amplification of the input quantity of

the link or the system to the output. This factor is referred to as

the gain constant of the system.

There are cases in which the automatic pilot is temporarily dis-

connected (for example, during missile acceleration), and then sub-

sequently connected. At the instant the automatic pilot is connected

or under conditions of powerful distdrbances, the error signal can

be rather great and the system will for some time exhibit A t_ n n

response, prior to eliminating the error, i.e., the missile will

oscillate along the trajectory with its natural oscillation frequency.

The functioning of the system in this mode is characterized by

dynamic characteristics which are also referred to as transient

characteristics. These include the time constant of the system (or

of an individual link) which characterizes the length of the tran-

sient response of establishing the output quantity, or in other words

the lag of the system, i.e., the delay in relaying the input signal

to the output of the system, and they also include the frequency

characteristics of this system, which determine the accuracy of in-

put-quantity reproduction at the output in .the case of forced os-

cillations at the input signal frequencies.
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The frequency characteristic of the system (or link) is char-

acterized by the width of ti e frequency passband within which the

input quantity can be reproduced at the outpst with a tolerably

small amplitude error. The width of the passbands of the individual

links and the system as a whole must be kept at a minimum from the

standpoint of interference and economy of power supply, whereas from

the standpoint of high-quality dynamic system characteristics, it

should be wide enough. Such contradictory requirements are satisfied

by means of a compromise.

The inertial lag of this system determines the speed of reply

or response to the input 3ignal on the part of the system output.

The ratio of the output quantity of this systenm (link) to the input

quantity in nonsteady-state regime is expressed in terms of the gain

constant (gearing ratio) or the transfer function of this system

(link)

In analyzing any follow-up system, we study individually the

characteristics of every link. Should a systcm or its individual

links fail to satisfy the imposed requirements, a selection of trans-

fer functions of individual links is undertaken by means of correc-

tion circuits - filters or equalizers.

The behavior or dynamics of the on-board control system can be

described well by means of differential equations instead of trans-

fer functions, with the equations making possible not only the deter-

mination of the transient characteristics, but also of many other

features of the system (for example, stability, etc.). Such equa-

tions are called control equations. The solutions to these equations

provide the stability conditions for the system, and this actually

indicates the flight-stability conditions for the missile.

It is not absolutely necessary to solve complex differential
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equations in order to determine the stability of a system; some-

times it is sufficient to utilize the stability criteria, which

make it possible to judge the stability of a system directly in

terms of the coefficients of the equation.

Regardless of the procedure, we arrive at the followiing stability

conditions for the operation of the missile control system: the auto-

pilot system and the control surface loop, in particular, must re-

ceive not only the signal that is proportional to the angle of mis-

sile deviation from the given course, but also the signals that are

proportional to the angular velocity of missile deviation (i.., e

derivative of the initial signal) and in order to improve the con-

trol system, we should also provide for the introduction of signals

that are proportional to the angular acceleration of the missile

turn (i.e., the second derivative of the initial signal).

Every automatic control system is characterized by the magni-

tude of the error in the static and dynamic regimes.

The static error of the system is the difference between the

steady-state value of the output (controlled) quantity and the value

required in a steady-state regime (during stabilized flight). The

static error can always be decreased and even eliminated (for example,

by increasing the gain constant). Systems without a static error

are referred to as astatic systems.

Dynamic errors arise during missile maneuvers, i.e., in the

dynamic regime, and can be transient and steady-state.

A transient dynamic error of the system is the deviation of the

actual value of output (controlled) quantity during the transient

response (in the case of strong disturbances) from the steady-state

or required value of this quantity.

A steady-state dynamic error is the deviation of the actual value
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Soutpt (controlled) quantity from the required value on com-

pletion of the transient response, or during a smooth changt in

regime, (flight). The magnitude of the steady-state dynamic error is

proportional to the angular velocity of the missile turn in space,

i.e., the curvat.lre of the trajectory.

As we have alreaay pointed out, from the standpoint of control-

system stability it, is feasible to introduce derivatives into the

system. The introduction of a derivative makes possible an increase

of the gain constant, which results in a decrease in system errors and

increases speed of misile response. However, infinite gain-constant in-

crease is not possible because undesirable oscillations are produced, the

band mrust e ,.:idened, and with lag in some links, the system may become

unstable. Therefore, after the final selection of the type of follow-

up system, correction devices are introduced and amplification is

selected so as to obtain the appropriate frequency characteristics

that will ensure minimum errors and sufficient system stability.

Control of cross-shaped missiles is accomplished by means of

only two channels (pitch and yaw) independent of each other; stabili-

zation is accomplished with all three channels (pitch, yaw, and

roll), also independent of each other. Individual missile control

with respect to two coordinates is possible because of the appro-

priate stabilization of missile position with respectto roll.

Let us first examine the stabilization system of the missile

with respect to roll (Fig. 28). Roll stabilization is obtained by

means of a free gyroscope (with a potentiometer pickup) installed

on the missile so as to have the rotor axis horizontal and perpen-

dicular to the longitudinal axis of the missile. The electric signal

proportional to the produced angle of roll, obtained from the sens-

ing element, is amplified and transmitted to the servodrive, which
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Fig. 28. Simplified block diagram of
the roll stabilization system; 1) Adder
amplifier; 2) servomechanism; 3) control
surfaces; 4) body of the missile;
5) roll-angle gyroscope; 6) roll rate
gyroscope.

deflects the control surfaces in various directions, similar to aile-

rons, with a resultant torque which counteracts the roll of the mis-

sile.

Such a system, in spite of the natural damping produced by the

control surfaces, does not eliminate missile oscillations with re-

spect to the zero position. In order to suppress the so-called

weathercock oscillations of the missile it is necessary to employ

artificial damping. Such damping can be achieved, for example, by

means of a precessional (rate) gyroscope.

Whenever a rate gyroscope is used, it is installed in a posi-

tion to measure the velocity of roll. The signal of this gyroscope,

proportional to the velocity of missile roll, is transmitted to the

servodrive after being amplified, and controls the ailerons on the

basis of two signals. The signal from the rate gyroscope produces

the moment which counteracts the moment produced by the free-gyro-

scope signal. Thus, the introduction of the rate-gyroscope signal

slows down the roll of the missile during the period it traverses
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the zero position anct reduces missile rotation to zero. Miss1le os-

cillations will thus be suppressed, and the missile will be stabi-

lized with respect to roll. Any desired characteristic of missile

behavior with respect to roll can be obtained by the appropriate

selection of the relaticnship between the signals of the free and

rate gyroscopes.

The same effect can also be obtained in the case of damping,

by the introduction of the velocity term (derivative) of the roll

function, by means of differentiating the output signal of the free

rdll gyroscope. The latter method is simple and flexible.

The stabilization of the missile with respect to yaw and pitch

(Figs. 29 and 30) is accomplished in the following manner.

For example, an accelerometer is installed in the yaw channel

and this accelerometer is mounted as close to the ccnter of gravity

of the missile as possible for the purpose of greater measurement

accuracy. The output voltage of the accelerometer, which is propor-

tional to the acceleration in yaw, is transmitted to the servodrive

after amplification, thus actuating the rudders in order to counter-

act any measured acceleration of the missile in thc direction of yaw.

Such a simple stabilization, system for yaw will also display a

tendency toward oscillation. Aerodynamic damping by means of wings

and the empennage is insufficient, and therefore, as in the roll

channel, artificial damping is produced by the use of a properly

positioned rate gyroscope which is connected to enable its signal

to counteract the yaw motion. In this case it is also necessary to

establish the correct relationship between the signal from the ac-

celerometer and the rate gyroscope to provide for rapid and reli-

able damping.

The control of the missile with respect to yaw and pitch in ac-
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Fig. 29. Simplified block diagram of one
of the channels of the automatic pilot
(pitch and yaw); 1) Input; 2) amplifier;
3) servomechanism; 4) control surface;
5) kinematics of the missile; 6) output;
7) angle feedback; 8) first derivative
feedback; 9) conversion link; 10) pre-
cessional gyroscope; 11) second deriva-
tive feedback; 12) conversion link;
13) accelerometer.

cordance with the guidance system signals is accomplished by means of

applying these command signals to the output of the stabilization sys-

tems of the corresponding channels. The control process can be

illustrated by the following example. Whenever the stabilization

system is given a command over the yaw channel to turn to the left,

corresponding to a given acceleration Of 5 g, the control surfaces

will deflect so as to carry out this command. The increasing ac-

celeration will be measured by the accelerometer of the yaw channel,

and the signal from the accelerometer will counteract the 5 g command,

On completion of the transient response produced on receipt of the

command, a steady-state control process (missile turn) will be

produced and the missile will shift in the assigned direction at an ac-

celeration of the order of 4.5 g. The difference of 0.5 g is the

dynamic error of the control system, which is a result of the

specific features of the s,,;:tem and its individual elements.

After the command has be:::-ed t stabilization system
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Fig. 30. Another version of a block dia-
gram of one of the automatic pilot chan-
nels; 1) Command signal; 2) differentiat-
ing amplifier; 3) adder amplifier; 4) servo-
mechanism; 5) control surface; 6) body of
the missile; 7) error signal; 8) angle
(for control surfaces) feedback; 9) meas-
ured angle rate feedback; 10) amplifier;
11) precessional gyroscope; 12) feedback
of acceleration of measured angle; 13) ac-
celerometer.

will provide for stable and straight-line missile flight along one

of the coordinates.

The operation of the on-board control system is affected by

many various factors either in the form of external or internal dis-

turbances, which result in transient responses and regular steady-

state oscillations of the system, or they consist of harmful couplings

in the autopilot circuit, and these have a negative effect on the

normal operation of the system. All these factors can result not only

in considerable errors in guiding the missile to the target but can

also have a great effect on the flight stability of the missile.

There are various methods of combating and eliminating the harmful

influences of these various factors; however, it is not always possi-

ble completely to eliminate their harmful influence, and some still
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interfere with the normal operation of the system. Let us examine

several of these factors and point out the known methods of elimi-

nating their undesirable influence.

The external factors (disturbances) can include the following:

deviation of the missile from the assigned direction at launch,

turning on of the on-board control system subsequent to launch, jet-

tisoning of the booster, great longitudinal and lateral acceleration,

wind, changes in control-surface effectiveness, noise and inter-

ference introduced into the autopilot by the guidance system, etc.

The internal factors (or disturbances) include the following:

buckling and vibration of the missile airframe (a phenomenon of aero-

dynamic elasticity), warping and torsional vibrations of the mls-

sile airframe, oscillations, internal resonance, deformation of con-

trol surfaces (aerodynamic elasticity of the control surfaces), in-

correct installation of the measuring instruments, manufacturing

tolerances, etc.

The shortcomings of the circuit include: random cross coupling

and feedback, nonlinearity of link characteristics, overload and

lagging of the individual links of the system, instability of the

power sources, the effect of temperature and changes in external con-

ditions on the performance of the individual elements of the on-

board equipment, etc.

With respect to the time at which the autopilot is put into

operation, control systems can be constructed according to various

principles: in some cases, the autopilot is turned on prior to

launch, and in other cases afterward. Often, as a result of disturb-

ances that may result from launch overloads (initial acceleration),

switching on of the on-board power sources and other mechanisms,

jet.tisoning of the booster, as well as because of other reasons, it
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is not advisable to transmit signals from the guidance system which

is sometimes in operation prior to launch, to the control units, in

order to avoid deflecting the missile. These command signals are

transmitted to the autopilot by means of some time-delay device

(relay switch) only after acceleration of the missile has been com-

pleted. From the standpoint of guidance, at this time the missile

will by no means be in its exact position, and its guidance errors

will be great. At the instant the autopilot is turned on, it may be

subjected to a great error signal and cause a substantial transient

response and such lateral acceleration as would either destroy the

missile or disturb its stability. In order to eliminate this danger
in the autopi!Lot, vU1liuub typS li,-in de. . .4nd

these weaken the great autopilot input signal.

As the altitude of the missile increases, reaction (response)

to the same control signal is considerably decreased due to the de-

crease in air density, and in view of the necessity of flight with

with great overloads (acceleration), the missile may assume angles

of attack at which it will become unstable and control will become

ineffective. Therefore, it is necessary to install equipment limiting

the acceleration of the missile at great al i ltudes. By the same

token, it is necessary also to consider changes in missile velocity.

In many cases, the command signal from the guidance system

(radar guidance systems, in particular) is introduced into the auto-

pilot together with various types of noise and interference. In

this case, the signal is very weak against the background of noise,

in addition to being able to fluctuate (die out). In such cases, the

missile may lose the target. The condition can be improved by means

of filter circuits which will filter signals of unnecessary fre-

quencies. Such filters can be installed in the guidance system links
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as well as in the autopilot itself. However, it should be borne in

mind that every filtering process introduces a signal delay. From

this standpoint, various on-board control system versions are

possible.

It is possible to develop a system which will receive the con-

trol signal together with the noise after some insignificant filtra-

tion in the guidance system. In this case the autopilot will receive

the commands with a slight delay; however, the discrimination be-

tween the control signal and the additional noises-will have to take

place within the circuits of the autopilot itself. This leads to the

following results: 1) the autopilot circuits may become saturated

with noise signals and lose their effectiveness with the appearance

of the useful signal, and 2) in the transmission of noises through

the autopilot to the control surfaces, undesirable oscillations of

the missile with respect to pitch and yaw may be produced, and these

will increase frontal resistance and reduce the aerodynamic features

of the missile.

Another version of the system may be selected; in this version,

strong filtration takes place in the guidance system, and the auto-

pilot receives a sufficiently "clean" signal. The uavoidablc ...nal

delay in this case can result in the missile reacting slowly to the

c ormnand.

Consequently, both versions of the system can result in a

"closest approach" error. In the first case, because of the error

in establishing the position of the target, and in the second, be-

cause of the delay in maneuvering. Thus, the basic structure of the

control system is actually determined in every individual case.

We should consider one more factor which affects the control-

system operation as the missile approaches the target. As the dis-

tance to the target decreases, the line missile -- target begins to
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change rapidly (the influence of the kinematic element becomes more

apparent). With some guidance methods, before striking the target

the missile must develop unusually great angular velocity, which

calls for high lateral acceleration. If missile maneuverability is

limited, this is impossible. The missile becomes unstable, and the

trclosest approach" error unavoidable. Calculations show that should

the control circuit be disconnected sometime prior to striking the

target (several seconds), and should the autopilot be used to assure

straight-line flight, the "closest approach" error will be smaller.

However, this is not the best solution. A better solution is the

selection of another guidance method, which will not cause high over-

loads during the last guidance stage and, conisequently, will not re-

q-l:p the disconnection of the on bo'ard contro! system before stril

ing the target.

The phenomenon of aeroelasticity comes about as an elastic de-

formation of the missile airframe under the action of aerodynamic

loads, and particularly high acceleration which causes the buckling

and vibration of" the missile airframe. Such vibrations can be pro-

duced as a result of aeroelastic deformation of the control surfaces.

These oscillations can be picked up by the sensing elements of the

control system (accees and gyrosoopes). resulting in harmful

couplings and feedback, in addition to the mutual influence of con-

trol channels on each other; this will result in undesirable missile

maneuvers in various directions. The same effect can be produced by

over-all and local vibrations, brought about by engine operation,

wing flutter, servodrive lag, etc.

Individual structural elements of the missile and even indi-

vidual sections of the missile can have various natural frequencies,

and these result in local internal resonances which, through the
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control system, also have a negative effect on the stability of the

missile.

Various methods are employed for the purpose of eliminating the

harmful influence of such phenomena. First of all, an effort is

made to mount and position the sensing elements of this system so

that deformations and the various missile oscillations affect them

as little as possible. In addition, an effort is made to distribute

according to frequency the various elements (and channels) of this

system that have a harmful effect on each other, i.e., to select the

natural resonance frequencies of the elements in such a way as to

have them differ from each other (at least by a factor of three). An-

other measure is the introduction of mechanical and electrical fil-

ters into Li nd in-k cf is --y1qtPm In crder tr) wqkpn

the undesirable and harmful frequencies In addition, various cor-

rection circuits are used (smoothing filters, tachometer generators,

integrating circuits, auxiliary feedback circuits, etc.) in order

to improve the characteristics of the individual links of this system,

and to introduce some correction factors into the control-system

equation. However, it is always better to eliminate some local reso-

nance than to adapt it to the characteristics of the system.

Sometimes, rather than improve the characteristics of the on-

board control system, which are the result of aeroelasticity and

missile airframe vibrations, an appropriate missile shape is selected.

At any rate, the design of the on-board control system of the mis-

sile is not divorced from the aerodynamic characteristics of the

missile. However, the following considerations are kept in mind:

the missile must not necessarily be statically stable (i.e., aero-

dynamically stabilized); the stability of the missile can be assured

by means of the on-board control system.
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In addition to the above methods of improving the operation of

the on-board control system, the high-quality elements of this system

are used, in particular, the electronic apparatus; highly stabilized

power sources are employed, the equipment is hermetically sealed,

etc.

It should be noted that in utilizing guided missiles with launch-

ing boosters, a separate on-board control system may be required for

operations during the acceleration period. In this case, the system

can be completely independent of the main control system, including

the power sources, servodrives, control surfaces, and other ele-

ments, if the control operation during the acceleration stage and

during the approach to the target differ greatly from one another.
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Chapter IV

CLASSIFICATION OF CONTROL AND GUIDANCE SYSTEMS

As has been pointed out, the guidance system is a part of

the control system. Depending of the classification and designation

of the missile, the systemmay vary in terms of operating principle

and complexity. Unlike the on-board control system, which, of course,

is located only on the missile, the instruments of the guidance

system can be located outside of the missile (on the ground, on a

ship, airplane, or on another missile).

Generally, the guidance system determines the position of

missile in space with respect to the target, computes the required

flight trajectory, and in connection therewith develops command

signals for missile trajectory changes, which thereafter are

transmitted to the on-board control system, ensuring the flight of

the missile along the required trajectory. As a rule, the control

systems have a greater influence on missile guidance accuracy

toward the target than other parts of the control system.

Depending of the tactical mission of the missile, the nature

of its target, and the distance to the target the missile control

can be achieved by various control systems, which are designated

on the basis of the operating principle of the missile guidance

systems. From this standpoint all control systems, as well as

their guidance systems, are divided into three basic groups (Fig.

31):

1) self-guidance systems

2) remote-control systemns (long-range control)
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3) autonomous" control systems

These three groups of control systems vary substantially

among themselves in estabilishing interconnections 
during the

guidance process, between the missile, the command point, and the

target, and they also vary with respect 
to range, principles of

guidance-system design and operation, and 
other characteristics.

Each group of control systems is subdivided 
according to the type

of guidance system, which is desgined of the 
basis of varying

physcial principles which are achieved in 
various ways, from the

technical standpoint.
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Fig. 31. Classification of control nd guidance systems

i) Control systems; 2) self guidance systems; 3) remote

control systems; 4) autonomous systems; 5) passive sys-

tems; 6) active system.n" 7) -ctv ___ t ....

radar guidance systems; 9) command systems; 10) radio

navigation systems; 11) magnetometric systems; 12)

inertial systems; 13) astronavigation systems.

Missiles equipped with self-guidance systems 
carry equipment

which automatically tracks the target, as a result of which the

position of the target with respect to the missile is automatically

determined. This is performed by means of a self-guidance 
head,

the basic element of which is the target coordinator. 
When the

missile shifts with respect to the proper direction, 
i.e., when

an error signal is formed, th@ target coordinator develops command
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signals that are transmitted to the autopilot, which by means of the

control units ensures constant tracking of the target up to the

point of contact.

In the case of guided missiles equipped with remote-control

systems, the position of the missile with respect to the target

is determined in the majority of cases by instruments installed

at a particular point of control, thus shaping suitable command

signals whichare functions of the guidance error, and these sig-

nals are subsequently transmitted to the missile over communications

lines. These commands are received by the missile and converted

into forces which act on the control units of the missile so as to

enable the missile to correct its trajectory and be guided to the

target. With certain remote control systems, determination of

missile position with respect to the target or command point as well

as the shaping of command signals regarding trajectory changes, can

be carried out in the missile itself on signals from ground

guidance stations.

Autonomous control systems, completely concentrated on the

missile, continuously measure the shift of the missile from the

assigned'and programed flight trajectory, thus automatically

correcting the flight direction in order to guide the missile into

the area of the target with a minimum error.

Let us examine briefly the operating principle of each of

these control groups.

Self-guidance systems. For the normal functioning of self-

guidance systems, each one of these systems must first of all

be able to locate the target, or in other words, distinguish it

from the surrounding background. For this purpose, the target

must necessarily differ in its physical characteristics from the
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surrounding background or other objects, i.e., it must exhibit

sufficient energy (power) contrast with respect to the background.

In general, self-guidance of a missile to a target is possible

since the target usually emits or reflects some type of energy

which can be received by the receiving equipment on the missile.

The following are the possible types of energy: heat (infrared

rays), light, sound, static electricity (ionized stream), electro-

magnetic rays, etc.
Many targets can serve as heat (infrared' sources: ships, air-

planes (particularly jets), metallurgy and similar plants, and

also the smokestacks of plants at other enterprises. The head

of a long-range ballistic missile also emits considerable heat,

since it develops heat during its high-velocity flight in the lower

and middle layers of the atmoshere. The heat radiation is re-

ceived by special optical instruments, including sensing elements

which react to infrared rays. Such instruments, which follow a

target upon locating it by means of its heat radiation and con-

tinuously determine the direction toward the target, are referred

to as heat direction finders. Self-guidance systems which employ

the heat contrast of the target and similar guidance instruments

are referred to as thermal or infrared self-guidance systems. The

effective range of such systems depends on the temperature and the

surface area of the target emitting the radiation, the sensitivity

of the receiving equipment, and meteorological conditions. This

range fluctuates between several kilometers up to ten kilometers.

There are targets that either emit their own light (pro-

jectors, navigational lights on ships, etc.), or refie-t zolar

light, moon light, or artificial lighting (roads, bridges, air-

port runways, ship decks, etc.) in ways other than the surrounding
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background. These light contrasts of the target can be utilized

for optical location of targets with optical self-guidance systems.

In such cases, sensing elements which react to light rays are em-

ployed in the receiving equipment. The effective range of such

systems depends on the contrast properties of the target, the

time of day, weather, and it may range from several hundred meters

to several kilometers. It is for this reason that optical self-

guidance systems have not come into widespread ase.

Some targets, as for example, airplanes and ships of various

classes are rather powerful sources of sound. The noise of a

motor or of an airplane reaction-trust engine, as well as. the

operating mechanisms of a ship, can be detected at considerable

distances. Guidance systems designed on the principle of target sound

or noise reception are referred to as sound direction finders or

acoustical self-guidance systems. It becomes difficult to use such

systems for missiles aimed at targets in the air becausp of the

low speed of sound propagation, which causes the missile to be

guided to a point somewhat beyond the target rather than at the

target itself, and this complicates guidance, particularly in the

case of supersonic target velocities. In addition, missiles them-

selves create a noise during high-velocity flights, thus disturbing

the operation of the system. However, the effective range of

hydro-acoustical systems, employed in the place of self-guided

underwater missiles, may be fully adequate for utilization.

Radar self-guidance systems have become most popular, since

many vital military objects are either themselves sources of

electromagnetic radiation or reflect radio waves well. Objects

emitting their own radio waves include radar stations of various

designations, radio-interference stations, aviation guidance posts,
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airport radio towers, reaction-thrust missile control points, etc.

Such targets, can be located with respect to the missile by means

of a directional receiving antenna.

For the self-guidance of missiles to targets reflecting electro-

magnetic energ; these targets must exhibit radar contrast with respect

to the surrounding background, i.e., they should reflect radio

waves better than the surrounding space or objects. Such targets

include metal structures or other objects containing metal parts;

for example: ships, airplanes, railroad bridges, factory buildings

with metal roofs, etc. To find such targets, they are bombarded

by radio weves from a special radar transmitter, and the signals

reflected from the target are picked up by a receiver with a

directional antenna installed on the missile. The basic advantages

of radar self-guidance systems are their low dependence on

meteorological conditions and a relatively great effective range,

which may attain several tens of kilometers.

On the basis of the principle of employing energy emitted or

reflected by the target for the purpose of guiding the missile,

self-guiding systems are subdivided into three basic categories:

passive, active, and semi-active.

In the case of passive self-guidance (Fig. 32) the missile

is guided to the target which is itself the source of the emitted

Fig. 32. Operating principle of the passive
automatic guidanne system

.energy. In this case, only receiving equipment is necessary on the

missile, in order to receive signals coming from the target, where-
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as a transmitter for the purpose of bombarding the target is not

necessary. The effective range of passive systems is small. A

typical example of a passive self-guidance system is the infrared

system.

In the case of active self-guidance (Fig. 33) the missile

itpelf radiates energy to the target, and this energy on being

reflected by the target is picked up by the receiving equipment

of the missile. In such a case, the missile must necessarily be

equipped with a transmitter, in addition to a receiver. The in-

aI I
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rig. 33. Operating principle of the active
self-guidance system

crease trarirfdater power increases the dimensions and weight of

the on-board equipment, thus making it impossible for the missile

to be equipped with a powerful transmitter. Consequently, the

effective range of the active systems cannot be substantially

increased. Radar self-guidance systems, among the active systems,

have found practical application.

In the case of semi-active self-guidance (Fig. 34) the trans-

mitter is not located on the missile itself, but outside (on the

ground, a ship, an airplane), and consequently, it can be powerful

and at great distances from the target. In such cases, only re-

ceiving equipment is installed on the missile. The effective range

of semi-active self-guidance systems is greater in comparison with

the effective range of active systems. Consequently, radar semi-

active self-guidance systems have been used more widely than the

- 82 -



I

i I
i I

Fig. 34. Operating principle of the semi-active

guidance system

active.

Remote control systems. The radar guidance system (Fig. 35),

whi.c.h belongs to the Pemote-control systems group, is closely re-

lated to the radar self-guidance systems in view of the principle

of isolating the error signal. In this system the control point

Fig. 35. Operating principle of the radar

guidance system

(on the ground, ship, or airplane), is equipped with a radar track-
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ing device with conical scanning. On locating the target, the radar

beam keeps tracking the target, and the missile, equipped with a

receiver unit and other guidance equipment, tends to proceed along

the axis of the beam directly to the target. Should the missile

shift with respect to the axis of the beam, the guidance apparatus

will automatically, without any special signals from the command

point, determine the shift and work out commands forcing he mis-

sile to return to the axis of the beam. Thus the missile is auto-

matically guided toward the target along the beam which contin-

uously tracks the target. In this case, the missile is constantly

within the line "control point-target" (the three point method).

The other guidance method along a beam ('guidance toward a

precessed point) employs two radar units, one of which tracks the

target and transmits all the target data to a computer, which

works out a program of beam motion from the second radar unit

along whose axis the missile moves. This variation of the system

is sometimes referred to as the beam rider system.

Consequently, the beam-rider guidance systems can have two

variations: single-beam (one radar unit) and double-beam (two radar

uni.ts).

The beam-rider system differs from the self-guidance systems

inasmuch as the missile, although self-guided, moves along the

beam blindly, regardess of whether there is a target in space or

not, as a result of which there is no target coordinator, while with

self-guidance systems the missile can "see" the target, track it,

and independently pursue it. Although the radar-beam guidance sys-

tem may at first appear to be somehere between the self-guidance

systems and the remote-control systems, it actually belongs to the

latter.
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Command systems. Two radar units can be used differently fro'm

the case of the beam-rider guidance method, i.e., one of the radar

units is used to track the target, whereas the other tracks the

missile; the data from the two radar units are transmitted to a

compute- which uses this information to work out coded control

signals (commands) which are then automatically transmitted to the

missile by means of a special command radio transmitter or directly

along the radar beam employed to track the missile in order to guide

the missile to Intercept the target. A guidance system of this

type is referred to as a command system and is also included in

the group of remote-control systems.

There are many variations of command systems (Fig. 36), but

they are all characterized by the necessity of having two commun-

ication lines between the command point and the missile (see Fig.

39). One line is assigned to the observation of missile motion with

1 1 NOeaMHd /ie cucmeeaw~
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Fig. 36. Classification of command-guidance systems
1) command systems; 2) for monitoring line; 3) for
control line; 4) visual; 5) optical; 6) radar; 7)
television; 8) wire; 9) radio; 10) radar channel.

respect to the target (monitoring line) and the other to the trans-

mission of commands to the missile should the missile deviate from

the calculated trajectory (guidance line). Sometimes, both lines
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can be housed in the same instrument. The monitoring as well as

guidance systems can vary. Monitoring systems may be visual (the

naked eye of the operator, -optical sighting, radar, television,

whereas the transmission of control commands can be accomplished

over wires, radio, or over the radar channel. Basically, the com-

mands to the missile can be transmitted by means of the optical

communications link (light or infrared rays); however, one of the

basic shortcomings (limited range and unreliability) is keeping it

from being employed at the present time.

Radionavigation systems. Radionavigation guidance systems

can be employed for the guidance of guided missiles. Thus, for

example, to guide the flight of long-range missiles it is quite

feasible to employ pulse or phase hperbolic and circular systems

of navigation. In this case (Fig. 37) three or four ground stations

transmit synchronized signals, and the receiving equipment with its

automatic guidance apparatus measures the time difference between

the receipt of signals from the two stations (or both pairs) in

the case of the pulse system, or compares the phase of the received

signals in the case of phase systems, converting the data into data

on the position of the missile. The comparison carried out on the

missile of the assigned trajectory against actual trajectory makes

it possible to obtain the error signals which correct the motion

of the missile.

The radionavigation systems whose guidance process does not

involve the transmission of any commands and in which the missile

guides itself in accordance with an assigned program, nevertheless

belongs in the group of remote-coatrol systems, since they are fully

dependent on ground equipment - the guidance station.

Thus, the remote-control systems can also be broken down into



three categories: the beam-rider guidance system, the command system,

and the radionavigation system.

flOUL4UP 1 C? 3

Fig. 37. Operating principle of radiona-
vigation guidance systems. 1) Launching
position; 2) controlled station; 3) mas-
ter station.

Autonomous systems. Guidance of long-range missiles, including

intercontinental missiles, may involve autondmous control systems

which utilize the known laws o1' mechanics and the physical charac-

teristics of the Earth and the Universe.

These systems include magnetometric, inertial, optical, celestial-

navigation, and radio-astronavigational systems.

A magnetometric missile guidance system employs the phenomenon

of terrestrial magnetism. The magnetizing force of the earth's field

and other components of terrestrial magnetism can be measured by

special instruments. The values obtained can be used to determine the

position of the missile with respect to the surface of the earth.

Should a missile be equipted with automatic equipment to measure

the elements of terrestrial magnetism, such a magnetometric system

can be then employed for the guidance of the missile to the target,

provided the elements of the magnetic field at the position of this

target are known.

The operating principle of the inertial syste is based on

- 87 -



utilization of the inertial propertics of gyroscopes, which tend to

retain their axis of rotation in a fixed position with respect to

space and consequently enable u6 Lo create gyroscopically stabilized

platforms that hold a platform on which two or three accelerometers

are mounted to measure accelerations in two or three mutually per-

pendicular planes in a horizontal position at all times. Two accel-

erometers measure lateral accelerations, and, after double integration,

enable us to determine the deviation of the missile from its specified

programmed trajectory with respect to altitude and direction. The

third accelerometer measures the missile's acceleration along its

trajectory, which, after single or double integration, enables us to

determine the speed of the missile and the distance that it has

traveled. Exact alvowance for the distance traveled is necessary fur

exact determination of the missile's position. The distance traveled

is figured by a computer. In the last analysis, the program mechanism

guides the missile to its target at the optimum diving angle. The

precision of the system depends on the precision of the accelerometer

measurements and the precision with which the platform is stabilized.

The celestial navigational system is based on the principles of

navigation by the heavenly bodies. Such a system receives data from

a telescopic device (sextant) that is capable of automatically track-

ing one or two fixed stars. The telescopes that track the stars are

mounted on a gyroscopically stabilized platform in the missile. The

altitudes of the celestial luminaries, which are the angles between

the line of sight to the luminary and the plane of the observer's

horizon, are measured by automatic observation. The position lines of

the missile and its position are determined from the observational

data. The flight is completely programmed before launching, and the

necessary reciprocal positions of the missile and the stars selected
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are determined for each moment of its path. At a certain time, the

program mechanism breaks off transmission of signals to the autopilot

from the telescopes and -,ides the missile to the target. The preci-

sion of such an optical celestial-navigation system may be higher

than that of an inertial system.

Thanks to the rapid development of radio astronomy, it has be-

come feasible to build a radio-celestial navigation and homing system

that uses a radio sextant as the basic instrument of the system. The

radio sextant receives electromagnetic energy radiated by the heavenly

bodies and automatically follows these bodies. Having been set up on

the missile's gyroscopically stabilized platform, the radio sextant

can issue a continuous flow of data on the altitude of the heavenly

body being tracked in a manner adequate for control of the missile.

All autonomous control systems are basically gyroscopic systems

in which auxiliavy signals from so-called correctin' devices are fed

to the autopilot as the missile deviates from its programmed trajec-

tory. These instruments are accelerometers in inertial systems and

sextants in celestial-navigation systems, and hold the missile on

its computed trajectory.

All autonomous systems are grouped among the programmed control

systems, since the controlling equipment of such systems includes, in

addition to elements that measure the missile's motion, program devices.

Program devices or programming elements are also found in other

homing systems, such as single-radar command systems, hyperbolic

radio-navigation systems (the case of guidance on a prespecified

straight line), etc. However, they are not indispensable elements

or distinctive criteria for these systems. In autonomous system, on

the other hand, program devices are necessary; they function here as

homing systems. It can therefore be stated that all. autonomous control
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systems have program-type homing systems.

All of the homing systems considered above can be classified

differently.

In accordance with the presence of a link between the missile,

the target, and the command point, all control systems are classified

into three groups:

1) semiautonomous systems (Fig. 38) - systems with one line

of communication between the missile and the target and no commu-

nication line between the missile and the command point; automatic

homing systems belong to this group;

2) nonautonomous systems (Fig. 39) - systems with two lines of

communication between the missile, the command point, and the

target: a nontrol line and a telemetry line; this class of systems

includes remote-control systems; an exception here is the radio-

navigation homing system, in which one communications link (that

with the target) is absent, so that this system cannot home the

missile on to a moving target;

Fig. 38. Communications line between
missile and target in automatic hom-
ing system (semiautonomous systems).
1) Line of sight through target (te-
lemetry line).
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3) autonomous systems (Fig. 40),

in which there are no communication

-..... lines between the missile and the

target or the command point; these

systems home the missile only onto

fixed targets by a preset program

\ computed on the basis of the mis-

silets position relative to the

target at the launch time; conse-

Fig. 39. Communications lines quently, they are known as .rogram-

in remote-control systems (non- med systems.
autonomous systems). 1) Control
link; 2) telemetry link.

Fig. 40. Absence of missile-to-target
and missile-to-command point communi-
cations links in autonomous control
systems. l) No link.

On the other hand, the first two groups - the semiautonomous

and nonautonomous systems (except radio-navigation systems) - can

home missiles to both moving and fixed targets.

On the basis of technical criteria, systems may be broken down

basically into optical (light and infrared techniques), acoustic,

electronic, magnetometric and inertial (gyroscopic) systems.

On the basis of their tactical properties, the systems may be

classified as short-range systems, medium-range systems, and lon -
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range systems.

Short-range systems include all automatic-homing systems, beam-

riding systems, and the majority of command systems.

The medium-range systems include some command systems, includ-

ing television types and certain radio-navigation systems.

The long-range systems include hyperbolic radio-navigation

systems and all autonomous control systems.

In considering a classification of homing systems on the basis

of their tactical properties, it is necessary to draw a line between

the concepts of the long-range missile and the long-range homing sys-

tem. In those cases where the missile is controlled by a single phy-

sical system over the entire extent of its flight, the concepts of

missile range and system range are identical. But sometimes these

concepts diverge. For example, certain long-range missiles (usually

ballistic) are controlled over a velatively short sekient of their

flight, while their effectiverange may be long. Such missiles are

brought to a certain point on the computed trajectory by means of

short-range or medium-range systems, and then enter free flight in

accordance with the laws of ballistics, sometimes with slight sub-

sequent correction of the trajectory on its descending branch.

Various types of guidance systems are used to conduct ballistic

missiles to a computed point on the controlled segment of the tra-

jectory. Most frequently, radar-type command systems consisting of

a homing radar (beam-riding system), a radar operating on the Doppler

principle to measure the missile's velocity (telemetry system) and

a computer that generates commands to correct the missile's trajectory

and shut off its engine, are used for this purpose. Such systems are

known as control systems with trajectory correction. In more recent

ballistic-missile developments in the USA, autonomous inertial systems
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have come into use; these do not require ground equipment to control

the missile in its flight.

Each of the guidance systems considered here has its advantages

and disadvantages. Essential shortcomings that limit or completely

exclude their application are inherent to certain systems. Each system

may be evaluated in terms of the extent to which its properties approx-

!mate the hypothetical ideal guidance system, for which the following

specifications can provide a criterion. The system must

1) work at any point on the Earth's surface;

2) work at any time of day and in any type of weather;

3) not emit signals that be detected by the enemy;

4) have total noise suppression;

5) be capable of deflecting the missile from a straight-line

course by a considerable margin;

u) ..... uimited rge capability:

7) have no altitude limitations;

8) have high precision;

9) control an unlimited number of missiles;

10) not require complex ground equipment;

11) not require preliminary surveying;

12) be reliable;

13) have small dimensions and low weight in the on-board apparatus.

No known system satisfies all of these requirements fully. Theo-

retically, the inertial system comes closest at the present time to

the ideal system, but in spite of a whole series of improvements, it

is still plagued by many technical problems that must be solved if

the desired results are to be obtained as regards precision and other

performance indices.

Combination of systems is a practice widely employed at the pre-

- 93 -



sent time to make the closest possible approach to the above speci-

fications. Homing-system combination can be effected in the widest

imaginable variety of ways, but the most common is to combine two

systems of which one, which possess a number of advantages (basically,

the necessary effective range) but has inadequate precision, is used

to home the missile on the basic segment of the trajectory, while the

cther, which has higher precision, is employed in the final homing

stage.
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Chapter 5

FLIGHT DYNAMICS OF GUIDED MISSILES. METHODS

OF HOMING MISSILES ONTO TARGET

AND POSSIBLE FLIGHT TRAJECTORIES

A guided missile of any class must reduce its target; for this

reason, the function of any homing system is to guarantee that the

missile will strike or bracket the target with the smallest possible

miss distance. To discharge this function, the homing system must
h ave a s-ecal a-aratus for generating control signals that will

direct the missile along a trajectory that ensures that it will

strike the target.

Since the missile can be guided, there are, in principle, an

innumerable number of trajectories that will provide for the missile

hitting the target. In practice, however, we make an effort to

select that trajectory which, under specified firing conditions,

will guarantee the most reliable destruction of the target. In se-

lecting the most suitable trajectory for the flight, we take into

account not only the probability of target reduction, but also a

number of other factors, such as the shortest flight time, maximum

angular velocity, maximum niuvifal accelerations, flight stability, etc.

All of these factors are of essential importance in choosing and

planning missile control systems and their individual units (homing

systems, on-board control circuit, control-surface circuit, and so

forth).

Thus, the trajectory along which a missile moves will not be
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arbitrary, but will be limited by certain conditions that ensure the

desired homing behavior. The law describing this behavior is known

as the homing technique. From a kinematic viewpoint, the homing tech-

nique determines the theoretical trajectory of the missile's flight.

The homing technique selected is realized by means of a comput-

ing device incorporated in the homing system.

The computing device receives information on the relative posi-

tions of the missile and the target, and on the velocities and direc-

tions of their motion, and uses this information to compute the desired

trajectory of the missile's motion and determine the must favorable

point of encounter. The result of the calculations is then converted

into control commands, which go into the on-board control system,

which then guides the missile in accordance with the preset law.

In accordance with the type of homing system, the uomputing

devices may be situated on board the missile or at the control point.

The information entering the computing device may be in the form

of angular positions, angular velocities, ov ranges. The computing

operations carried out by the computing devices will differ for

different systems and different homing techniques. A typical problem

of the computing instrument in many systems is to compute the angular

velocity at which the missile - target line displaces in space;

this is a determining factor in examination of homing techniques.

As it affects automatic-homing systems, the missile - target line

is known as the target-sighting line or the aiming line. In this case,

the sighting line is determined by the target coordinator, which is

mounted either fixed or movable in the nose of the missile.

The position of the missile in space relative to the coordinate

system adopted is, as we have already noted, characterized by a

series of angular coordinates in different planes. When the missile is
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homed onto the target, its position is evaluated not only with res-

pect to the coordinate axes, but also relative to the target, so that

a number of additional characteristic angles make their appearance.

All of these angles for the vertical plane can be seen in Fig. 41.

Here the new angles are as follows: the angle of target-position

error or the angular homing error E, which is the angle between the

geometrical axes of the missile and the missile-to-target direction

and the missile-to-target line angle a, which is the angle between

the coordinate axes and the missile-to-target direction.*

4

Fig. 41. Angles determining position
of missile in space relative to tar-
get: a is the angle of attack; E is
the angular homing error; a is the
missile-to-target line angle; e is
the angle of trajectory inclination;
c is the pitch angle. 1) Coordinate
axis.

Let us consider typical mutual positions of the missile and

the target and establish certain geometrical relationships (Fig.

42). Here we adopt the notation:

STs is the missile (S)-to-target (Ts) line (the sighting line);

ets for the angle between the missile-to-target direction and

the vector of the target velocity Vts;

e is the angle between the missile-to-target direction and

the vector of the missile's velocity V,;
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a is the angle of the missile-

to-target line, which cha-

/ racterizes the position Qf
this line at any specified

4 -an" in time relative to

the coordinate axes (or the

1S initial position).

C Oxoopau,'am Projecting the velocity vec-

Fig. 42. Geometrical relation- tors onto the normal to the missile-
ships in homing of guided mis-
siles. 1) Coordinate axis. to-target direction, we obtain an

expression for the angular velocity of rotation of the missile-to-tar-

get line:

aa ' VO sin00 
tO l sin O)

of R R

where R is the distance between the missile and the target.

It will be seen from this expression that both the parameters

of the missile's motion and those of the target's motion influence

the angular velocity of the missile-to-target line. The angular ve-

locity at which the missile-to-target line rotates is of great im-

portance for the precision with which the missile is homed onto the

target.

As we have already noted, the variation of the missile to-tar-

get direction is embodied in the guidance-system circuit as an indi-

vidual block known as the kinematic element. The degree to which the

kinematic element infJuences homing of the missile depends on the

distance between the missile and the target. At long ranges, both

the motion of the target and the motion of the missile exert little

influence on the angular velocity at which the missile-to-target

line rotates. At short ranges, on the other hand, its influence in-

creases considerably and even slight changes in the motion of the
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target or the mi.ssile may produce sharp changes in the missile-to-

target direction and result in large deflections of the control sur-

faces, excessive normal accelerations, transients and instability

of the missile's flight.

Several methods exist for homing a missile onto its target; each

of these has its own characteristic missile-flight trajectory. Inas-

much as the exact expressions characterizing the trajectory of a

missile are complicated and depend on many factors, simplified expres-

sions are frequently used to characterize the homing technique;

these define the direction of the missile-to-target line and its an-

alar velocity of rotation in space. In analysis of such equations,

the distance data are usually not absolutely necessary, assuming that

the missile has an effective range adequate for reduction of the

target.

We know of five basic methods

_. _for homing missiles onto moving tar-

/ -gets:I / °

~ .. , 1) pursuit curve homing;

2) pursuit curve homing with con-

C stant lead;

3) lead-point homing;

4) the proportional homing tech-

Fig. 43. Technique of homing nique;
guided missile on pursuit
curve. 5) the three-point technique.

The pursuit curve homing tchnique

(Fig. 43) is the simplest homing method; here, the missile is always

flying directly toward the target, i.e., the missile's flight direc-

tion (velocity vector Vs) coincides at any point in time with the

missile-to-target direction. This method may be used in automatic-

- 99-



homing systems in cases where the coordinator aboard the missile is

not rigidly mounted and its axis is kept in coincidence with the ve-

locity vector at all times by means of a special device (for example,

a weathercock).

Here, the missile's flight trajectory is always curved in the

direction of the target's motion and has the shape characteristic

for continuous pursuit.

In principle, this technique is reminiscent of the way in which

a dog chases a rabbit; thus the literature contains other names for

it, such as pursuit-curve or "dog"-curve homing.

The pursuit curve technique for homing a missile may be expres-

sed by the following equations:

O 01

This means that the homing system will guide the missile direct-

ly to the target without any lead whatsoever, and the position of

the missile-to-target line in space will change constantly.

Two possible cases must be borne in mind with this technique:

pursuit of receding targets (motion on paths in the same direction)

and pursuit of approaching targets (on collision courses). In the

former case, if the missile has sufficient effective range and a

sufficiently high speed, it will inevitably reduce the target. In the

latter case, however, the angular velocity at which the missile is

turning increases sharply as the distance closes, and at a velocity

ratio Vs/Vts = 2, the required normal acceleration of the missile

approaches infinity, even when the target does not maneuver.

This means that on the final segment of pursuit, when the mis-

sile has reached its maximum accelerations, a freely maneuvering

target may turn aside from the encounter and avoid damage.
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Moreover, in view of the large accelerations acting on the

missile in sharp turns, large aerodynamic forces are required to

guide it, so that the missile must have a large-area wing - an

unfavorable feature. Consequently, in spite of its apparent sim-

plicity, this method is virtually never used to intercept unfriend-

ly aerial targets. Basically, it can be used only to guide self-

homing bombs.

A particular case of this method may be homing of a missile

onto a stationary target, when not only the velocity vector Vs,

but even the axis of the missile itself are directed at all times

at the target. In this case, the target coordinator has a fixed

mount on the missile, and is secured in such a way that its axis

will coincide with the missile axis. The missile's trajectory will

be a straight line. If with the coordinator set up in this way the

missile is homed on a rapidly moving or maneuvering target, it can

be established that the velocity vector in this homing method will

always be lagging behind the missile-to-target line and, conse-

quently, that the missile will always be directed at a point behind

the target. Consequently, this method, which is known as the direct-

homing method, is not suitable for moving targets.

The pursuit curve homing technique with constant lead (Fig. 44)

consists in flying the missile not straight at the target, but with

a certain constant lead 6. In this case the angle between the mis-

sile's direction of flight (the vector of the velocity Vs) and the

missile-to-target direction has a constant value, and may be expressed

by the equation

O0= const.

The position of the missile-to-target line in space usually

changes as well, i.e.,
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In this case, the coordi-

- I V. nator aboard the missile must be

4 / "I" set up in such a way that its

axis will form a constant angle

/'C with the missile axis in the di-
rection opposite to the motion of

f
the target.

Fig. 44. Method of homing guided When this method is used, the

missile on pursuit curve with
constant lead. missile flies along a trajectory

having a smaller curvature, and

g the terminal segment of its path

S- . is almost rectilinear; this does
V4

I / not necessitate large angular ac-

| - I celeration. In this case, favor-

able conditions for reduction of

C 2 the target may be obtained with
PCma4UR\AP~'

"/ the velocity relationship.

Fig. 45. Method of homing I 2.
guided missile to lead
point. 1) Guidance sta-
tion; 2) tracking station. given this condition, we may se-

lect a lead angle 6 that will not

cause an infinitely large angular velocity of the missile to arise.

But when the necessary angular velocity is larger than that permissible

for the missile in question, the missile may "lose" the target and

a miss will result.

Cases in which the target changes its direction of flight may

be particularly embarassing. Then the lead angle becomes negative and

the homing process considerably more complicated, since the missile
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must follow the target from the other direction in order to have a

positive lead angle as before. As a result, the missile's trajectory

will be more complex, the homing time will be much longer, and the

firing range will be considerably shorter.

The pursuit curve homing technique with constant lead may also

be used in automatic homing systems. Sometimes this method is known

as the intersecting-course homing technique.

The lead-point h technique (Fig. 45) provides for flight

of the missile to a computed point of encounter with a moving target

along a trajectory on which the missile-to-target line retains a

constant direction in space.

If the target does not maneuver and flies in a straight line at

a uniform speed, then if the encounter point has been properly com-

puted and if the missile flies at a constant speed, the missile will

fly on a straight line with a constant heading to the target (con-

stant lead angle).

The principle of this method may be expressed by the following

equations:

const

If the expression for the angular velocity of the missile-to-

target line (*) is equated to zero (since in this case 6o/'t = 0),

we may obtain the law upon which this homing technique is based:

V, sin 0. = V, sin 0,.

From this equation, we may easily obtain the computed lead angle

9 :

sin O0. V sin 0,,.VO
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Thus, given a nonmaneuvering target (V. and e constant),. the1*tS u

lead angle remains constant, while the missile-to-target line will

displace parallel to its initial position without changing direction

(without rotating) in space. In view of this fact, this method is

also known as the parallel-approach technique.

In automatic homing systems, this method is implemented by

setting up the coordinator on a moving platform that is stabilized

by a free gyroscope in such a way that its axis will coincide with

the missile-to-target line, and form with the missile's longitudinal

axis an angle equal to the computed lead angle. The advantage of this

method in homing onto a nonmaneuvering target consists in the negli-

gible normal accelerations that arise when mismatch angles accident-

ally arise between the coordinator axis and the missile-to-target.

If the missile is homed onto a maneuvering target (Vts and ets

changing continuously), it is clearly evident that the necessary lead

angle will also vary. In this case, therefore, the lead angle may

take different values at different moments in time, while the missile's

velocity vector will be directed toward a new lead point at each

such instant. For this reason, this technique is known in the more

general case, i.e., when a missile is being homed onto a maneuvering

target, as the technique of homing to an instantaneous leading point

of encounter.

In automatic homing systems, this method may be implemented by

installing a movable coordinator that makes provision for continuous

tracking of the target. This requirement complicates the physical

design of the coordinator.

Of all the known homing methods, the method of lead-point hom-

irig ensures the smallest g-forces acting on the missile for a given

set of firing conditions; even when the target maneuvers, these
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forces do not exceed those acting on the target. This makes it pos-

sible to have small load-bearing surfaces in the missiles.

In addition to automatic-homing systems, this method may be

used in command-type homing systems, as well as when the missile is

guided to a lead point on a radar beam in cases where two radars

are used with one tracking the target and the other guiding the mis-

sile.

The proportional-homing technique (proportional-navigation

technique) (Fig. 46) provides for flight of the missile to the

point of encounter with a moving target along a path on which the

angular velocity of the missile's velocity vector Vs is proportional

to the angular velocity of the missile-to-target line. This method

makes it possible to take into account the tendency of the missile-

to-target line to rotate during the homing process and, in simpler

cases, to arrive at an approximation of lead-point homing.

/ The principle of the pro-

portional-homing method may be

I Oecnast expressed by the equation

T0k6, 0,.
/ C matu , 3 where k is the navigation constant.

Cne.WeHu t CmaHqu#
3ae'mto Haeeaf Missiles homed by the pro-

q g portional-navigation method will

Fig. 46. Technique for propor- tend to strike norimaneuvering
tional homing of guided missile.
1) a, 0 and 0 diminishing; 2) targets colinearly and to tail
target-fracking station; 3) maneuvering targets without exe-
guidance station.

cuting steep turns near the tar-

get. With this method, the normal accelerations of the missile normal-

ly remain within the admissible limits and do not rise to excessive

values. This method may be used in both automatic-homing systems and
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comiand systems.

\4 The proportional-homing tech-

Y\f. Inique is the most general technique,F \ \%'COInSt I A

I Iand one for which all of the fore-

1\ going methods are particular cases
8'PC 2 -Ions.0-41wenuvaemcg 2 occurring under simpler conditions.

0•- 1Cq7 e uea
The three-point method (Fig.

Ila 47) provides for flight of the ris-

sile to the point of encounter withFig. 47. Homing of guided mis-

sile by three-point method. the target along a curvilinear tra-
1) ( and es increasing; 0 di-
mini~hing; 2) target-tracking jectory on which the missile holds
and homing station.

at all times to a straight line

connecting the control point with the target. In this case, an ob-

server at the control point will always see the missile between him-

self and the target. The sighting line connecting the three points-

the target, the missile, and the control point - will always be

shifting in space to follow the motion of the target.

ThIs homing method may be used for missiles of the ground-to-

air (antiaircraft missiles), air-to-ground (winged missiles, guided

bombs and torpedoes) and air-to-air classes. In the first case, the

control point is stationary and the target moves. In the second

case the control point (missile carrier) is moving, while the target

may be moving (air-to-sea) or stationary. When missiles are homed

onto stationary targets, the homing problem becomes considerably

simpler. In homing air-to-air missiles, the fact that the carrier

(control point) and target are moving is taken into account. This

is the most complex case.

For the case in which the control point is stationary, the

principle of the three-point homing method may be expressed by the
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following differential equation (for a nonmaneuvering target follow-

ing a straight-line course at constant speed):

ar )±+r2=tK'.' H'

where r is the instantaneous slant range from the control point to

the missile; Ts is the instantaneous value of the point of missile

position from the control point; H is the target height (assumed to

be constant).

This method is employed in the case of command and beam-rider

guidance systems (along a radar beam). In the latter case (command

guidance), the missile is kept on its flight path visually or by

means of optical or radar devices.

The advantage of this method lies, in certain cases, in its tech-

nological simplicity. For example, in the case of visual control, the

responsibilities of the operator are reduced to the superposition of

the visible missile image on the image of the target. As a result,

the three-point method is sometimes referred to as the coincidence or

target-covering method.

The shortcoming of this method is the significant complication of

the trajectory in the case of guidance to a maneuvering Carget, par-

ticularly in the case of a moving launch-control site (the "air-to-

air" case). However, we can achieve certain simplifications by exe-

cuting appropriate "maneuvers" of the carrier. For example, given a

certain flight trajectory for the carrier, we can achieve a situation

in which the lines connecting the control point with the target re-

main parallel to one another at various instants of time, so that the

missile will move along a trajectory of parallel approach. In the case

of guidance along a trajectory of this type, the carrier may fly vafi-
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ous headings, includihg a heading in the opposite direction.

The calculation of the required missile acceleration shows that

in this case acceleration is substantially lower than in certain of

the preceding guidance methods; however, at certain sections of the

trajectory (for various cases, at various sections) the missile must

be adequately maneuverable.

The methods examined here are the basic guidance methods that are

characterized by specific flight trajectories for the missile being

guided. A portion of these methods are suitable only in homing systems,

whereas others are suitable only in remote-control systems (beam-rider

guidance, command guidance, television guidance, etc.). Some of these

methods may be used both in homing systems as well as in remote-control

systems.

These methods may be altered and combined in'various ways, and

therefore do not exhaust all of the possible cases and versions of

missile guidance. The utilization of programming facilities and com-

puter instruments makes it possible to assign any type of trajectory

to the missile, i.e., a trajectory that can be executed by the guid-

ance system being employed. As an example of such a derivative method

we can cite the method of programmed guidance which is employed in

remote-control systems.

The programmed [preset] guidance method (approach) provides for

missile flight to the point of target contact along a curvilinear tra-

jectory which satisfies one or simultaneously several unique and as-

signed requirements such as: the requirement of minimum acceleration,

maximum range, minimum flight time, etc.

This method requires separate tracking of target and missile, and

this can be carried out in various ways, i.e., optically, by means of

heat-sensitive direction-finder equipment, or by means of radar. The
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most convenient method is the two-beam radar system consisting of two

radar transmitters of which one is employed to track the target and

the other to follow the missile. In this case, an angle is formed be-

tweeen the two lines of sight, i.e., between the "control po~nt -

target" and "control point - missile" lines, and this angle changes

during the guidance procedure in accordance with a law which satisfies

the set requirements. This angle gradually diminishes and at the in-

stant that the missile comes into contact with the target the angle

vanishes. As a result this method is still referred to as the method

of angular approach or "the scissor method." [Track-command guidance].

This method is quite flexible and it'can be used for various class-

es of missiles in all possible design versions. This method can be em-

ployed, for example, to guide remote-controlled missiles or bombs

in such a manner as to provide for minimum deformation of the free-

fall trajectory. This method also makes it possible to guide anti-

aircraft missiles in such a manner as to provide for maximum flight

range. In the latter case, the missile is launched at a great ascent

angle in order to enter more quickly the optimum-altitude trajectory

and to fly farther in the direction toward the target with the least

aerodynamic resistance, thus achieving maximum range. In this case,

however, it should not be forgotten that such an initial gain in alti-

tude and the subsequent horizontal flight to the target are not easily

reconciled with the requirement of impact accuracy in the final guid-

ance sector.

The method of preset (or free) guidance is the one more commonly

employed. In specific cases, when the angle between the lines of' sight

is constant, we obtain lead-angle guidance, and when this angle is

equal to zero, we are dealing with the three-point method.

Combinations of various guidance methods are employed in more complex
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cases, in which missiles must destroy targets situated at great dis-

tances, or if it becomes necessary to increase the impact accuracy at

distant targets. With this guidance method several guidance systems are

employed, and the entire flight trajectory of the missile is divided

into several sections, beginning with the instant of launch to the in-

stant of target destruction, in accordance with the characteristics of

the guidance systems selected.

Jo

2

Cinap,7oShuZ

fiavanbHoe 3ta eMeM No eYOC

- yvacmre mo~aemmfopauIace e

Fig. 48. Missile guidance phases. 1) Ini-
tial guidance; 2) booster engine; 3) guid-
ance along middle section of trajectory;
4) final guidance.

This pertains primarily to the "ground-to-ground" medium-range

and long-range class of missiles whose flight trajectories are gener-

ally divided into three sections (three guidance stages): initial,

middle, and final.

In accordance with this, the entire guidance process is divided

into three phases (Fig. 48): initial guidance (launch guidance), guid-

ance during middle section of trajectory (middle-course guidance), and

final guidance (guidance during the final phase).

The initial-guidance phase is of short duration and encompasses

the first portion of the missile's flight trajectory from the instant

of launch to the completion of the acceleration period (to the instant

of booster separation). The flight trajectory of the missile during

this guidance phase is extremely simple - in the majority of cases, a

straight line. In this case, striving to simplify guidance problems,
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we make every effort to launch the missile so that the guidance system

controlling the missile over the middle section of the trajectory can

take over the guidance of the missile at the end of the first phase.

The guidance over the middle section of the trajectory is the main

and longest lasting guidance phase. The accuracy of guidance at the end

of this phase determines the feasibility and need of using a more ex-

acting guidance system in the final phase.

The final-guidance phase encompasses the last section of the mis-

sile's flight trajectory and is generally also quite short. Final guid-

ance is employed in those cases in which the accuracy of guidance dur-

ing the middle section of the trajectory is not sufficiently high to

provide for the destruction of the target.

C

/
I

I

/

Fig. 49. Flight of guided bomb along

free-fall trajectory with self-guidance

in final phase: B) Start of self-guidance.

The accuracy of guidance during the middle and final sections of

the trajectory is a function of the accuracy of the guidance systems

employed in these sections.

Let us examine typical missile flight trajectories during the

middle and final guidance phases and let us take note of the main

features.
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Flight of guided bomb along free-fall trajectory with guidance in

final section (Fig. 49). In this case the guided bomb, ejected from a

carrier aircraft, flies along a curve that is close to the parabolic

until the guidance system takes over. Generally, for purposes of guid-

ing a bomb in the final section, one of the guidance systems is em-

ployed, and the guidance method is selected in accordance with the cir-

cumstances of the situation one of those considered above.

A8

Fig. 50. Flight of an aircraft
or a missile along a rectilinear
horizontal trajectory: SA) Ascent
to preset altitude: AV) powered
flight phase at constant altitude;
V) instant of engine burnout, with
dive to target.

C = S; A = A; B = V; U = Ts.

Such guidance is quite simple, since during the first flight phase

no guidance system is required; however, this system is inconvenient

from the standpoint that the carrier aircraft must approach the vici-

nity of the target and drop the guided bomb from practically the same

distance as would be required in the case of an unguided bomb. After

the dropping of a self-guiding bomb (excluding the case in which a

semiactive homing system is employed) the aircraft can retreat in any

direction.

However, if the bomb is being controlled by a semiactive homing

system or by means of a remote-control system (for example, command

guidance, television guidance), after dropping its bomb load the air-

craft, as a rule, must continue to fly in the vicinity of the target.

Missile flight along a trajector ofspecific configuration. The char-

acter of the trajectory in these cases is determined by the properties
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of the guidance system. Here we can in-

v clude, for example, the guidance of mis-

a siles along a hyperbole or a circle as

Cdone in the case of radionavigation

guidance systems (see Fig. 90). In this

Fig. 51. Flight trajectory
of ballistic short-range case, after take-off the missile enters
guided missiles: SA) Power-
ed flight phase; AV) para- the effective zone (range) of the ground
bolic curve; VTs) parabolic
curve with distortion as a radionavigation stations and as a rule

result of air resistance.
flies at constant altitude along a curve

I C

Fig. 52. Flight trajectory of guided
medium-and long-range ballistic mis-
siles: SA) Powered flight phase; ATs)
elliptic curve.

that is characteristic of the given guidance system. Upon attaining the

area of the target, the missile can either begin its dive to the target

or switch over to a regime of final guidance (if such a system is being

employed) by means of other systems. In this category we can include

the guidance of a missile along a specific curve by means of a magneto-

metric guidance system.

Rectilinear horizontal missile flight (Fig. 50). In this case, the mis-

sile flies in the region of the target along a straight line at a con-

stant altitude. Such a trajectory is generally selected for the guid-

ance of long-range aircraft or missiles with autonomous guidance sys-

tems, as a rule equipped with programming devices. Such a guidance pro-

cedure is employed for missiles of the "air-to-ground" and "ground-to-
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ground" classes. In the latter case, the missile is launched toward

the target at a certain ascent angle, and on attaining the given alti-

tude the missile is switched to a regime of rectilinear horizontal

flight. On arrival at the target region, the missile executes a steep

dive at the target or it may be guided by means of a self-guidance

(homing) system.

The advantage of such a guidance system lies in the fact that the

missile flies the shortest possible distance, thus making it possible

to achieve the greatest range for the given type of missile.

Missile flight'along ballistic trajectories (Figs. 51 and 52). Short-,

medium-, and long-range ballistic missiles (rockets) fly along such

trajectories.

Guided ballistic missiles fly

8 along a trajectory determined by the

C_
guidance system during the first phase

Fig. 53. Flight of winged until the theoretical critical point

rockets along ballistic is attained; at this point the missile
curve, with a flat glide
path: SA) Powered flight must have attained a certain velocity
phase; AV) parabolic curve;
VTs) gliding, and heading, since engine operation

ceases beyond this point and the second phase of missile flight begins,

i.e., along the theoretical ballistic trajectory.

For a period of several seconds after launch, during the guided

phase of the flight, the missile flies upward vertically or at a cer-

tain ascent angle, and then on attaining a definite altitude it slowly

turns in the given direction until the preset missile-motion parameters

are attained at the calculated point; beyond this point, the engine

must be shut off.

After engine burnout, the missile continues to climb to maximum

altitude (usually, into the rarefied layers of the atmosphere) and then
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flies to the target along the descent portion of the ballistic tra-

jectory. On entering the dense layers of the atmosphere, the missile

is somewhat decelerated and deflected from the exact theoretical curve.

All elements of the trajectory and the characteristics of missile

motion (the coordinates of the end of the active phase, the ascent an-

gle, and maximum missile velocity at this point, determining maximum

altitude and missile flight range) are calculated as functions of tar-

get position.

In free flight (after engine burnout) short-range missiles (under

300 km) fly along a curve that is close to a parabola, whereas longer-

range missiles, including intercontinental missiles, fly along an

elliptic curve. A curve of this type represents a portion of an ellipse,

one of whose foci is the center of the earth.

The advantage of ballistic missiles lies in the fact that they

make possible the achievement of great missile-flight velocities and

penetration into the rarefied layers of the atmosphere where air resist-

ance is negligible; th.s makes possible a substantial reduction in mis-

sile flight time to the target, as well as a significant increase in

flight range.

Flights of missiles along a ballistic curve with flat gliding (Fig. 53).

Winged rockets fly along such trajectories. The flight of a missile

follows a preset programmed curve during the initial phase (initial

section of the trajectory), along a ballistic curve in the middle sec-

tion of the trajectory, and along a free-glide path in the final sec-

tion, on reentering the dense layers of the atmosphere. This flight

path substantially increases the effective range of a winged rocket in

comparison to a wingless rocket, given identical reaction-engine

characteristics.
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Chapter 6

HOMING GUIDANCE

§1. INFRARED PASSIVE HOMING GUIDANCE

Of the passive guided-missile homing systems, the infrared system,

or a system with a heat seeker, has reached greatest practical signifi-

cance and widespread acceptance. This can be explained by the numerous

advantages that this system exhibits over other systems.

Heat or infrared rays, invisible to the unaided eye, lie in the

spectrum of electromagnetic oscillations between the region of visible

rays and the ultrashort radio waves in the range of waves from 0.76 to

300 p. (microns). These rays are emitted by all heated bodies. The power

of the emitted heat energy is proportional to the fourth power of the

absolute temperature. The range of wavelengths in which this radiation

of energy takes place, and the wavelength on which the energy maximum

is emitted, are both functions of temperature. With a rise in temper-

ature the radiation maximum shifts in the direction of the shorter

waves. For example, the maximum radiation from the sun corresponds to

a wave of 0.5 4, while the radiation maximums of jet and piston air-

craft engines lie, respectively, in a region of wavelengths between

3 and 4 p.

In terms of properties, infrared rays differ little from visible

light. The basic difference is that the infrared rays pass through

various media in different ways. For example, infrared rays pass easily

through certain materials that are opaque to visible light (cardboard,

black paper, ebonite, etc.), and they are absorbed and scattered to a
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lesser extent in the atmosphere. However, the attenuation of any stream

of radiation depends on the emission wavelength and the state of the

atmosphere. In the case of light haze or fog shortwave infrared rays

(X = 1.5-2 p.) penetrate better and, consequently, exhibit certain ad-

vantages over visible rays. In the case of poorer visibility the longer

wavelengths (X = 3-4 p.) are more advantageous. In the case of dense fog,

snow, rain, or even in the case of artificial camouflage (smoke screens)

the advantages of infrared rays, as compared to visible rays, are almost

completely lost.

Not all of the components of the infrared-ray spectrum pass equal-

ly well through such materials as, for example, ordinary glass. There-

fore, only the shortwave region of infrared radiation, with a wavelength

of 0.76 to 2-4 p, can be employed for the transmission and reception of

infrared rays by means of optical systems using lenses and mirrors,

thus providing for directivity of emission and reception.

The detection of heat emission is accomplished by means of special

receiver units which, among other things, are made up of optical instru-

ments and sensing elements that are designed to react to infrared rays.

For purposes of guiding a miss'ile to a target that radiates heat,

the missile is equipped with a "heat seeker" which is oriented to the

target and represents, in essence, a heat-sensitive direction finder

which continuously -determines the position of a detected target with

respect to the missile and issues the corresponding commands to the

control units. Therefore, it would be more accurate to refer to the

infrared homing system as a heat-sensitive direction-finding system.

Heat-sensitive direction finders or heat-sensitive target-oriented

devices (Fig. 54) can be executed, from a structural. standpoint, in a

variety of ways, but they can all be divided into two types: seeker-

orientation devices which provide for system operation under regimes
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of target seeking and tracking; and simple orientation devices, which

are not equipped for automatic target seeking or tracking and make

possible only the detection and determination of direction to a target

in the field of view of the receiving device.

All heat-sensitive orientation devices are equipped with an opti-

cal system which may employ either lenses, mirrors, or a combination

of the two. The optical system of the orientation device is installed

in the nose of the missile and is covered on the outside by cowling

material that permits the passage of infrared rays.

The simplest optical heat-sensitive orientation device (Fig. 55)

consist of a lens optical system (an objective) which gathers and

focuses the heat radiated by the target; in addition, there is a sen-

sing element that is situated close to the focal plane, and finally

there is a modulator that is installed in the focus of the optical

system, in front of the sensing element.

The modulator consists of disks which are intended to modulate

(interrupt) the stream of radiation from the target in order to make

possible their subsequent amplification and the issuance of control

signals. For this purpose rasters are applied to the disk. The rasters

represent alternating transparent and nontransparent sectors of de-

finite frequency, applied to the disk in the form of a ring. Two ras-

ters with various frequencies are generally applied to each disk. The

shape and number of the applied rasters may vary for various systems.

Two modulation disks with two rasters, separated by a narrow

raster-free strip, are used in the simplest orientation device. In this

case, the heat radiated by the target is received and focused by the

objective into a point which strikes the modulation disk that has been

made to rotate by a motor; then this focus of radiated heat impinges

on the sensing element in which it excites frequency-modulated current
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Fig. 54. Block diagram of infraredpassive homing system. K) Head of

homing system; 2) optics; 3) modu-lator; 4) sensing element; 5) am-

plifier; 6) filter; 7) relay; 8)servomechanism; 9) elevator; 10)

rudder.
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Fig. 55. Diagram of heat-sensitive
orientation device. 1) Cowling; 2)

modulator; 3) disk-rotation motor;4) rasters; 5) to amplifier; 6)
sensing element; 7) capacitor; 8)
filter; 9) objective.

pulses. This signal is amplified and applied to the autopilot to con-

trol the missile.

If the target lies exactly along the axis of the orientation
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device, the radiation stream will impinge on the sensing element through

the raster-free strip of the disk and is not modulated; there will be

a voltage balance at the autopilot input and the control surfaces of

the missile will be in neutral position. If the target is deflected to

the side of the orientation device's axis, the stream will strike the

sensing element through the rasters of the modulation disks and be

modulated by a certain frequency, depending on the raster of the parti-

cular disk through which the stream passed. Two disks are required in

order to provide two-channel control: pitch and heading. The disks are

set into rotation by a single motor and they rotate synchronously, but

they are made so that they modulate the stream alternately. In actual

fact, two half-disks are used, and these are mounted in such a manner

that the raster-free strips intersect at right angles on the axis of

the orientation device. If all of the rasters vary in frequency, the

frequency of stream modulation will characterize the direction of tar-

get deflection with respect to the axis of the orientation device: to

the left, to the right, upward, downward, the autopilot may, in this

case, operate on an extremely simple relay circuit. Four filters,

tuned to various frequencies corresponding to the raster frequencies

of the modulation disks, are mounted at the autopilot output. Relay

windings which control the servomotors of the corresponding missile

control surfaces are connected to the output of each filter. For the

most reliable operation of such a control system, use is made of a

switch which with its cam, in sychronization with the rotation of the

modulation half-disks, alternately closes the pitch-channel circuits or

the heading-channel circuits, thus making the connection for the execu-

tion of the appropriate elevator or rudder commands.

It is easy to see that with the utilization of such modulation

disks a signal dependent only on the direction of target deflection
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Fig. 56. Basic elements of the infrared
homing system: 1) Infrared rays from tar-
get; 2) cowling; 3) parabolic mirror; 4)
flat mirror; 5) modulator; 6) sensing
element; 7) amplifier unit; 8) servomotor
and control .urfaces.

with respect to the axis of the orientation device appears at the out-

put of the sensing element; this signal is independent of the magnitude

of the angle of this deflection. In order to obtain control signals

that are proportional to the magnitude of the angle of target deflec-

tion, the modulation disks must be more complex.

Seeker orientation devices which can perform under regimes of both

seeking and tracking are more complex in design. In the seeking regime,

scanning is accomplished in various ways, primarily by rotating a mir-

ror or by shifting the sensing element with respect to the axis of the

orientation device. In this case, the instant that the target enters

the field of view of the receiving device an electric signal from the

sensing element interrupts the seeking regime and switches the drive

mechanism of the orientation device to a regime of automatic target

tracking. Such orientation devices make possible the determination of

the angular velocity of the rotation of the target line-of-sight in

space and these devices also make possible the control of the missile

in such a manner as to guide it to the target in accordance with the
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given guidance method. However, orientation devices of this type are

complex in design and rather cumbersome; therefore, simpler versions

of these orientation devices are employed in heat-seeker homing heads

(Fig. 56), and these may be mounted in a fixed position with respect

to the frame of the missile.

In actual practice, the passive heat-seeking homing systems are

more complex than the system described. A guided system almost always

includes a computer device which provides for this given guidance

method, and the autopilot circuit is also more complex.

The effective range of an infrared homing system depends on many

factors which cannot be taken into consideration through a simple

equation without great difficulty. The tentative effectivc rangc D

[1] may be determined by utilizing the known expression D. for the

stream of infrared radiation which reaches the receiver of the heat-

seeking head:

81, S, 6 S COS a TU

where BX is the energy radiation brightness of the target; Sob is the

area of the objective aperture; Sts is the area of the radiation source

(target); e is the angle between the direction to the target and the

normal to the radiation surface; 'atm and Topt are the coefficients

by means of which it is possible to take into consideration the absorp-

tion and scattering of the infrared radiation by the atmosphere and the

optical system of the heat-seeking direction-finder head.

In the case of a jet aircraft the basic radiation source, natur-

ally, is the engine nozzle. In first approximation the integral value

of the energy brightness in the direction of the engine axis may be

calculated, just as for a gray body, in accordance with the following

formula:
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where c is the coefficient of the radiation emitted by an absolute

black body and is equal to 5.668.lo 4 w/cm2. deg 4 ; e is the emissivity;

T is the temperature of the radiator, in degrees Kelvin.

Apparently, a necessary condition for the detection of a target

is a sufficiently great excess between the incoming stream of radia-

tion ( from the target and the minimum required radiation stream

<por which is determined by the threshold of receiver sensitivity.

As a result, we obtain a theoretical formula for the effective

range of the heat-seeking head:

_L$L ,6 S~. COS 1 'AT% tOU

In this case it is necessary to take into consideration the fol-

lowing circumstances. There exist three unique physical properties

which cause the attenuation of the infrared radiation by the atmos-

phere: absorption by the molecules of gases which make up the atmos-

phere: scattering by particles of haze as well as by particles making

up fog and clouds; and scattering by molecules of atmospheric gases.

Thus it becomes quite clear that the quantity ratm is not uniquely

defined and is a function of meteorological conditions, height above

sea level, distance to target, etc. Estimates of the transparency of

the atmosphere under various conditions are presented in the appro-

priate handbooks.

The quantity Dpor' substituted into this formula, must correspond

to the threshold sensitivity of the receiver being employed to the

given type of radiation or, in other words, it is necessary to take

into consideration the spectral composition of the radiation and the

characteristic of the spectral sensitivity of the radiation receiver.
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Thermocouples, bolometers, photocells, and photoresistors can be

used as the sensing elements in a heat-sensitive direction finder that

produces the electrical control signal upon the incidence of infrared

rays on its "working surface." Thermocouples and bolometers have the

advantage that they react identically to the radiation of almost all

wavelengths in the infrared band and make possible the utilization of

these wavelengths for the detection of targets that are only slightly

hotter than the temperature of the surrounding background. But since

the operation of these devices is based on the heating of the sensing

elements, they exhibit great lag (0.01-0.02 sec) and cannot be used for

the detection of fast-moving targets.

Photoresistors are the best sensing elements for the latest types

of heat-sensitive direction finders; these devices operate on the basis

of the phenomenon of photoconductivity in semiconductors (the photo-

conductive effect). These infrared-radiation receivers are made in the

form of a thin high-resistance film (above 100,000 ohms). The photo-

effect is produced upon the incidence of infrared rays on the film,

and free electrons appear in the film layer; the resistance of the

sensing element changes (drops), and this leads to a change in the

voltage on the film, if it is connected into the power line- Such

photoresistors exhibit virtually no lag below a certain modulation

frequency (the reaction time ranges from several microseconds to

several milliseconds).

The photoresistors are made of various materials. Depending on

the material employed, the photoresistors exhibit the maximum sensi-

tivity only within a definite frequency range. For example, lead sul-

fide photoresistors are best able to receive radiation on a wavelength

of the order of 3 p; photoresistors of lead telluride are sensitive to

radiation on a wavelength of 4.5 .; photoresistors made of lead selenide
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are sensitive to radiation on a wavelength of 6 p.; photoresistors made

of indium and antimonide are sensitive to radiation on a wavelength of

7 p.; germanium photoresistors are sensitive to radiation on extremely

great wavelengths (approximately to 100 p). In order to impart infrared

sensitivity to these materials, they must be subjected to special

treatment, subsequent to which their sensitivity attains an order of

magnitude of 10- 0 w and higher.

This sensitivity for all of the photoresistors, with the exception

of the lead-sulfide and, possibly, the lead-selenide, resistor is

achieved by artificial cooling to a temperature of the order of minus

700 (usually, by means of dry ice), and this complicates the use of

these photoresistors. It has been reported that the senstivity of

latest lead-sulfide elements is such that when using a mirror having

a diameter of 7.5 cm it becomes possible to detect heat radiation from

a conventional two-kilowatt electric furnace at a distance of about

16 km. In this connection, we know that the radiation power of a con-

temporary aircraft is generally higher than two kilowatts, and the

radiation power of an ocean-going vessel is expressed in many tens and

even hundreds of kilowatts.

Extremely sensitive and fast-reaction superconductive bolometers

of niobium nitride cooled with liquid hydrogen have been constructed

abroad with semiconductor materials. These bolometers, in addition to

their high integral sensitivity, exhibit a wide spectral characteristic

(up to 10 4), and this makes possible their utilization for purposes of

detecting radiation from bodies heated only slightly; furthermore, it

becomes possible to increase the effective range of the heat-seeking

direction-finding systems. In this connection, there arises the problem

of developing and producing special forms of glass for use as cowling

Material, since conventional glass is transparent to all radiation on
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wavelengths below 3 .

The cowlings for infrared homing systems (Fig. 57) are made of

material that is extremely transparent to the infrared radiation of

that section of the spectrum in which the homing system functions.

Moreover, the cowling must be strong and capable of withstanding high

temperatures. According to data from abroad, no material has as yet

been developed that can satisfactorily meet all of these requirements

fully. For example, a material made of arsenic trisulfide (trade name

"servofaks [sic]") passes approximately 70% of the infrared energy

in the range of wavelengths from 1.5 to 10 t. The transparency of this

material may be increased to.90-95% in a narrow sector of the spectrum

by using a special coating which is used for this same purpose in

optical lenses. However, it has been shown that this material cannot

function satisfactorily for any length of time at temperatures higher

than 1500.

In addition to these data, there

have been references in the press to the

effect that cesium arsenide glass has

been developed abroad, and that this

glass is transparent to infrared rays

with wavelengths to 12 ±; selen.um arse-

nide glass, transparent to infrared radia-

Fig. 57. External view of tion with wavelengths up to 21 4 has also
optical cowling on the
British "Firestreak," a been developed.
uided missile of the
air-to-air" class. We know of about 20 various materials

which can be used as cowlings for infrared homing systems, but each of

these has its own shortcomings, in addition to the above-mentioned

advantages.

The selection of material for the optical cowlings depends on the
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sector of the spectrum and the passband of the system, as well as on

the specific ambient conditions under which the system must operate.

In addition to the heat-seeking homing heads, noncontact optical

detonators using the infrared radiation from the target have been deve-

loped to inflict damage on a target even in the case of a failure to

achieve a direct hit, i.e., the missile passes close to the target.

Missiles employing any homing and guidance systems can be equipped with

such noncontact optical detonators.

The basic advantage of the heat-seeking direction-finder systems

employing the infrared radiation from the target lies in their high

resolving power. Their resolving power is substantially higher than

in the case of radar systems. For example, a radar unit operating on a

wavelength of 8 mm, given a reflector diameter of 30 cm, can distinguish

targets separated by 400 m at a distance of 8 km. The heat-seeking di-

rection finder, with a reflector diameter of only 7.5 cm, can distin-

guish the engines of individual aircraft at a distance of 8 km.

Another advantage of the infrared system is the fact that it does not

emit any signals on its own, thus providing great operational cover

and security.

As has already been indicated, the effective range of the heat-

seeker heads in homing systems depends on the temperature and the area

of the target's radiation surface, the sensitivity of the receiving

device in the head, as well as the state of the atmosphere and the

time of day. The fact that the system works well at night, but not

nearjlyT as well during the day, represents a significant defect. The

range of such systems is also limited by the effect of natural inter-

ference such as the background radiation of the night sky, clouds,

Lear-by structures, water surfaces, etc. To eliminate this defect,

methods have been developed to compensate the effect of this form of
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radiation.

With respect to artificial interference, the heat-seeking systems

are more stable and less subject to the effect of this artificial In-

terference than are radar systems; however, the possibility of inter-

ference is not excluded. These systems may encounter interference as

a result of artificial sources of heat - so-called false targets -

which may, for example, be produced by infrared projectors. This type

of interference may deflect a missile from the proper course. There

are references in the literature to the effect that there is no pos-

sibility at the present time of designing a system that would be cap-

able of distinguishing with sufficient accuracy the difference between

true and false targets that have similar characteristics.

The heat scclking homing heads guide the missile to the target with

the extremely great accuracy that is characteristic of all homing

systems. Both for passive and active as well as semiactive homing sys-

tems, guidance errors diminish with distance from the point of missile

launch, i.e., with approach of missile to target. However, in the case

of violent target maneuvering, in which case excessive lateral missile

acceleration may result, as well as in the case of the appearance of

transient responses in the autopilot, even these guidance systems may

fail to provide a direct hit against the target.

Infrared passive homing systems may be used for missiles of the

following classes: "ground-to-air," air-to-air," and air-to-ground."

For missiles of the class "ground-to-ground" they may be used in com-

bination with other guidance systems.

The opinion has been expressed in the foreign press that the in-

frared system may prove to be extremely valuable for purposes of in-

tercepting a supersonic ballistic guided missile whose basic struc-

tural elements are made of plastic. If it eventually becomes possible
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to design new homing systems involving the phenomenon of heat radia-

tion produced by surface friction betweeen supersonic missiles and the

atmosphere, or if it becomes possible to receive a sufficiently power-

ful signal from the heat produced by the exhaust gases of a guided

missile or an enemy aircraft, the heat-seeking heads will be of ines-

timable value.

§2. ACTIVE (RADAR) HOMING SYSTEM

For active homing systems it is characteristic that the missile

itself irradiate the target by means of its on-board energy source,

and the signals reflected from the target are received by the missile's

receiver and are transmitted to the autopilot input for purposes of

controlling the self-guiding missile.

Among the active homing sytems, only the "radar" syLew ha6

found practical application. Other active systems are not of practical

importance because of production difficulties, or a number of other

serious limitations, including the negligibly small effective range.

The active radar homing system includes a transmitter, a receiver,

an antenna device that is used jointly for transmission and reception

of signals, a computer device, and such other equipment as is necessary

for the working out of the control signals and the distribution of

these signals through the appropriate control channels.

The active radar homing system is similar in structure to a con-

ventional automatic target-tracking radar station, except for the fact

that the obtained control signals in a radar station are applied to

the motors which set the antenna system into rotation so that it con-

stantly follows the target, whereas in the case of the homing system

the control signals also pass through the autopilot to the various

servomechanisms of the missile. Consequently, there is only a single

closed loop in a radar station - the angular-coordinate target-tracking
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loop; however, in a homing system there are two closed loops -an

angular-coordinate target-tracking loop and a missile-control loop

(Fig. 58).

In tile radar homing system the target oricntation device fun.ctions

in the role of the angular-coordinate target-tracking loop, and this

device determines automatically the position of the target with respect

to the missile and works out the command signals that are necessary to

control the missile.

Radar orientation devices operate on the principle of automatic

target tracking with respect to angular coordinates, and this involves

the following. The antenna of the orientation device, just like the an-

tenna of a radar station, automatically turns to track a moving target
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so that the axis of the antenna seeks constantly to coincide exactly

with the direction to the target. This is achieved by the conic sweep

of the radio beam formed by the antenna. The narrow cigar-shaped beam,

slightly deflected with respect to the central (optical) axis of the

antenna, rotates about this axis in space and describes a conic sur-

face along whose axial cross section the radiation intensity changes

according to a special law (Fig. 59). The radiated power is less than

maximum and amounts approximately to 0.7-0.8 of the maximum along the

central axis of the antenna, and with distance from this axis in any

radial direction the radiated power increases to its maximum on the

generatrix of the cone described by the axis of the rotating beam, and

then again diminishes. Thus in its rotation the beam describes a conic

surface with a-depression in the center.

This radiation pattern is obtained by the rotation of the vibra-

tor, shifted with respect to the optical axis of the antenna, which

coincides with the axis of the fixed parabolic reflector, or by the

rotation of the reflector, inclined with respect to the fixed vibra-

tor positioned on the optical axis of the antenna.

The intensity of radiation along the central axis of the antenna

will be identical for all positions of the rotating beam. Therefore,

this axis is referred to as the equal-signal line.

If the central axis of the rotating beam is directed exactly to-

ward the target, i.e., when the target is in the equal-signal zone of

the beam, the energy reflected back by the target to the receiver will,

in first approximation, be identical for all angular positions of the

beam during its rotation and the intensity of the received signal will

prove to be constant (Fig. 60). As soon as the target begins to move

away from the central axis of the antenna (see Fig. 59), the received

signal will no longer be identical in amplitude; the amplitude of the
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signal will attain its maximum at

those instants in which the beam

maximum moves close to the target

141 line (point A2, and the beam ampli-

tude will attain its minimum In

those instants after which the beam

moves away from the target line

(point A1 ). The change in pulse

,amplitude - signal modulation -

Afollows a periodic law close to

the sinusoidal (Fig. 61), and here

the frequency of amplitude change

is equal to the axial-rotation fre-
Fig. 59. Cross section of
radiation pattern produced by quency of the antenna beam. The
the rotation of a radar beam
about the central (optical) speed of beam-axis rotation is
antenna axis: Or) Optical an-
tenna axis and equal-signal generally assumed to be 30-60, and
line of radiation pattern;
v and v2 ) direction of maxi- sometimes 100 and more, revolutions

mam radiation intensity for per second.
two positions of rotating
beam; Ts0 ) target in equal- It is clear that the pulse per-

signal zone; TsI ) target out-
sideof qualsigal zne.centage modulation will be all theside of equal-signal zone.

B = V; 11= Ts greater, the larger the angle be-

tween the axis of the antenna and the target line; consequently, ampli-

tude modulation of the signal is a measure of the angular distance be-

tween the moving target and the axis of the antenna. The phase of the

reflected-pulse amplitude envelope will be a function of the direction

in which the target shifted with respect to the axis of the antenna.

There will be video pulses at the output of the receiver whose

voltage will change according to the same function as that which governs

the change in radio pulse amplitude at the receiver input. After detec-
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target positions and change in reference
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period, for target Ts0 ; Sotsl) error sig-

nal during period, for target Ts1 ; ONk)

reference voltage of heading channel;
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Fig. 62. External view of the radar
homing head of a guided missile.

tion, a variable voltage is obtained from these video pulses, and the

frequency of this variable voltage is equal to the frequency of an-

tenna-beam rotation, with the amplitude and phase determined by the

magnitude and direction of the angular shift of the target with res-

pect to the axis of the antenna. This voltage is referred to as the

error-signal voltage. After amplification this voltage is applied to

the control-signal shaping unit. The basic elements of this unit are

the phase commutators to which, in addition to the error-signal volt-

ages, are applied the reference voltages which represent two sinusoidal

voltages whose frequencies are equal to the frequency of beam rotation,

and the phases are shifted by 900 with respect to one another. Refer-

ence voltages are obtained from a two-phase a.c. generator whose rotor

is seated on the axis of antenna rotation. The phases of these voltages

are coupled strictly to two missile-control channels: heading and pitch.

Phase commutators, sometimes referred to as phase detectors, yield

rectified d.c. voltages at the output. A constant voltage whose sign

is a function of the direction in which the target shifts from the

central axis of the antenna in the horizontal plane (with respect to

the azimuth) is applied to the output of the heading commutator; the
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magnitude of the voltage is determined by the magnitude of this shift.

A voltage whose sign is a function of the direction in which the target

shifts from the antenna axis in the vertical plane (with respect to

elevation) is applied to the output of the pitch commutator; the volt-

age magnitude will be determined by the magnitude of this shift.

The voltages from the commutator outputs, after appropriate ampli-

fication, are applied to the heading and pitch antenna-drive motors

which turn the antenna in the horizontal or vertical plane, respective-

ly, until the deflection of the target from the central axis of the

antenna has been overcome, i.e., until the error signal disappears.

This is how the target-tracking circuit of the radar homing sys-

tem works.

The on-board missile-control circuit which includes the autopilot

and the control units differs in no significant way from standard

circuits. Control is carried out over two channels: heading and pitch;

the roll channel is generally employed to stabilize the missile.

The control signals applied to the autopilot come from the output

of the computer device which converts the information it receives in

accordance with the guidance method being employed. Depending on the

selected method, data on the angular shifting of the target, and some-

times data on the angular velocities of these shifts, must be fed to

the computer device. This information may either be obtained directly

from the antenna which is constantly tracking the target and whose

position with respect to the missile is constantly changing, or'from

the same control-signal shaping unit (the control unit).

The latter source of information regarding the motion of a target

could be the only such unit, if the axis of the antenna were rigidly

coupled with the frame of the missile. In this case the output voltages

of the control unit would be applied to the autopilot and would be used
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directly for purposes of controlling the rudder and elevators. However,

rigid coupling of the antenna to the missile frame is virtually never

used. This can be explained by the fact that in the case of rigid an-

tenna fastening, given 'random missile oscillations or given the loss

of the target by the tracking system as a result of violent target

maneuvering at short distances, the target may pass beyond the field

of view of the radar unit, thus causing the missile to lose the target.

In order to prevent this, the antenna system of the orientation device

is mounted on a stabilized platform and may, within certain limits,

turn rapidly to follow the target, while the missile is in a position

to execute slower turns.

If the missile executes certain evolutions in accordance with the

given guidance method, the antenna must also react to these changes in

missile position in space, turning sufficiently in the opposite direc-

tion to remain directed at the target. In this case the angular velo-

city of antenna rotation with respect to the missile and the angular

velocity of missile rotation in space can be measured and the angular

velocity of the target line-of-sight in space can be easily computed.

This makes it possible to use any of the known guidance methods that

are suitable for homing systems.

As has already been pointed out the radar orientation device

carries out the automatic tracking of the target on the basis of the

angular coordinates. Measurement of range is not necessary for the

operation of the homing system; however, the automatic tracking of the

target with respect to range is useful in many cases. First of all,

range may be employed in computer devices for the solution of the en-

counter problem in certain guidance methods. Secondly, if there are

many targets or extraneous objects in the field of view of the orient-

ation device, it becomes necessary from the standpoint of guiding a

- 136 -



missile to a specific target to "select" the chosen target. This is

accomplished by means of automatic target tracking with respect to

range, or in other words, strobing. For this purpose a selector is in-

troduced into the system; this selector develops a strobe pulse which

permits the passage into the receiver channel only of the narrow range

sector (of the entire irradiated space) in which the desired target is

situated; thus the possibility of other targets entering the signal

system is excluded. This increases the operational reliability of the

homing system.

For purposes of guiding a missile to a desired target it is, first

of all, necessary to lock onto the target both with respect to the

angular coordinate and with respect to range. For this purpose the

target orientation device may initially be permitted to function in an

angular-coordinate seeking regime, turning the antenna system through

given angles, thus scanning a definite sector of space. At the same

time, or after locking onto the target with respect to the angular

coordinates, the target is automatically sought with respect to range

until the required target is "locked on" with respect to range.

After the target has been "locked on" with respect to all coordi-

nates, the angle error signals required for missile control will now

be worked out in accordance with the "selected" target.

There are a number of ways in which the missile orientation device

can select or lock on to the target, and this includes selection accord-

ing to special target designations by means of auxiliary facilities.

For example, prior to the launching of "air-to-air" missiles equipped

with active radar homing systems, target detection and'selection may

be carried out in the following ways:

1) by the radar orientation device of the missile;

2) with the optical instruments carried on board the carrier air-
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craft;

3) by means of the fire-control radar unit of the carrier aircraft.

In the first case, the information from the orientation device of

the missile may be indicated on a special dial which the pilot can scan

and by means of which he can determine whether or not the desired tar-

get has been "selected." In the second case, the antenna of the mis-

sile's orientation device pairs with the optical aiming sight of the

aircraft and is controlled by the latter. The correctness of target

selection is verified by the pilot. In the third case, the orientation

device of the missile is paired with the radar unit aboard the air-

craft, and this unit exhibits both great power and great antenna di-

mensions, thus providing for greater detection range than either the

radar unit in a missile or the optical system of an aircraft. Using

the data provided by the aircraft radar unit, the pilot guides the

aircraft to the detected target. In order to confirm the fact that the

orientation device of the missile has "selected" the desired target,

a comparison of the "selected" orientation-device signal with the

signal from the radar unit in the aircraft is carried out. As soon as

the desired target has been "selected," the missile is launched.

The required accuracy of direction, which must be imparted to the

missile at the time of launch, is determined by the tactical-technical

specifications of the missile: the angle of the missile's radar antenna

turn, the beam width of this radar unit, the anticipated deviation

during launch, the maneuverability of the missile, etc.

In the case of "air-to-ground" missiles, target detection in the

majority of cases is accomplished by means of the fire-control radar

unit of the carrier aircraft. Prior to launching missiles of the class

"ground-to-air" it is also necessary for the antenna of the missile's

orientation device, in the seeking regime, to be matched to the an-
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tennas of ground or sea-going vessel radar units employed for the

tracking of detected targets.

Active radar homing systems may theoretically be employed for

missiles of all basic classes: "air-to-air," "air-to-ground," "ground-

to-air," and "ground-to-ground." For missiles of the class "air-to-

ground" and "ground-to-ground," these homing systems may be used when

there is sufficient radar contrast offered by the target with respect

to the surrounding background, i.e., primarily for missiles of the

subclasses "air-to-vessel," "vessel-to-vessel."

Active systems are rarely used, particularly for missiles of the

class "ground-to-ground"; but in principle they may be used both for

short-range missiles (basically for the subclasses "ground-to-vessel"

and "vessel-to-vessel"), as well as for long-range missiles. In the

case of short dIstances, the missile in essence becomesan "air-to-

ground" missile after launch. In the case of long-range missiles active

homing may be employed for the final guidance phase. In this case, the

orientation device of the missile, during the final guidance phase,

must initially function in a seeking regime, and after selection of

the target this unit must function in a tracking regime. The require-

ments imposed on the radar orientation device of the missile must be

matched to the accuiacy of the guidance system during the approach

phase.

In actual practice, active radar homing systems are used on a

widespread scale for missiles of the class "air-to-air." In this case,

we have the positive factor that after the launching of a missile with

such a system, the carrier aircraft may fly off in any direction or

launch a second missile. The number of targets which can be attacked,

or the number of missiles that can be launched against a single target,

depends on the time of detection and the time of target selection by
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the radar unit of the carrier aircraft, and it is also a function of

the time of detection and selection of this target by the orientation

device of the missile; these numbers are also functions of the time

required to launch a missile, the velocities of the carrier aircraft

and the target, the number of missiles aboard the carrier aircraft, and

the possibility of mutual radar interference caused by all of the oper-

ating radar units (both of the missiles and of the carrier aircraft).

The effect of mutual interference may be reduced or eliminated by dis-

persing the carrier frequencies of the radar units in the missiles and

aboard the carrier aircraft.

A shortcoming of the active radar homing system is its limited

effective range, although this range may exceed that of the passive

infrared system.

The effective range of the active radar homing system could, in

principle, be sufficiently great, but it is actually restricted by

the increase in the weight and the dimensions of the on-board equip-

ment required in the missile. The presence in the missile of a trans-

mitter substantially increases the weight of the system and the power

sources.

The maximum effective range of the active homing system, char-

acterized by the range of the automatic tracking system, may be

determined in accordance with the following formula:

4

°o V"6.i3 pro;a

or, expressing G in terms of the antenna-reflector diameter,

4

/1 ,o y,2 rDI S2"V 64) PmI'

where D is the effective range of the active homing system; Pizl is
*=as z

the radiation power of the missile's transmitter; n is'the coefficient
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by means of which we characterize the level of intersection between

the directiity pattern and the optical axis.of the antenna (approxi-

mately 0.7-0.8); G is the antenna gain factor; D is the diameter of

the antenna; Sts is the effective area of the target; X is the wave-

length; Pmin is the threshold sensitivity of the receiver.

We can see from the formula that in order to increase the effec-

tive range of the active homing system it is necessary to increase the

diameter of the antenna and the power of the transmitter; however, the

possibility of carrying these steps out in a missile are seriously

hampered by the permissible dimensions and weight of the equipment.

The threshold sensitivity of the receiver is also restricted by the

noise of the radar receiver. Hence it follows that the effective range

of active radar homing systems cannot be made sufficiently great. This

is a serious shortcoming of this system and limits its application.

In order to achieve the maximum reduction in the weight and di-

mensions of the active homing system (primarily, of the antenna sys-

tem), it would be advisable to employ equipment operating on a band

of shorter wavelengths. However, the method of shortening the wave-

lengths may be employed only up to a certain limit, since the reduc-

tion in wavelength generally carries with it a drop in the maximum

possible transmitter power and impairs the threshold sensitivity of

the receiver.

The resolving power of the system is also a function of the wave

band and governs the separation of targets situated close to one another

as well as the accuracy of determing the direction to the target, which

characterizes the accuracy of the guidance system. Although the resolv-

ing power and the accuracy of determining the direction to the target

are determined primarily by the width of the beam and the flare of the

resulting radiation pattern (the conic angle described by the axis of
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the beam), a narrower beam can be achieved without increasing the

dimensions of the reflector by employing shorter wavelengths. The

flare angle of the pattern, in such cases, is generally assumed to be

equal to or less than twice the width of the beam.

The accuracy of the active guidance system, excluding the factors

that are common to all of these systems (target characteristics, the

characteristics of the au.opilot, tlhe aerodynamic characteristics, the

guidance method, etc.), is determined primarily by the range of wave-

lengths and the antenna characteristics. furthermore, as in any homing

system, the guidance accuracy increases as the distance between the

missile and the target diminishes.

A significant shortcoming of the active radar homing system, as

in all radar guidance systems, is the ability of the enemy to generate

interference: by using special stations to interfere with the active

systems, and by the ejection of metal-coated strips and dipoles to

interfere with the passive systems. To increase the ability of such

systems to overcome interference, the coding of transmitter radio

signals is resorted to, with the subsequent decoding of the signals

received from the target in the radar receiver. In addition, use is made

of certain special devices which can identify and reject the inter-

ference signals produced by the metal-coated strips (selection of

moving targets, etc.).

An advantage of this and all other radar systems is their little

dependence on meteorological conditions.

All radar homing systems (active and semiactive) call for the in-

stallation of special radar cowlings, exhibiting satisfactory aerodynamic

and electrical characteristics, in the nose of the missile to cover the

orientation devices of these guidance systems.

The cowlings used for the radar orientation devices of the missile
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are made of high-quality dielectrics and are pointed and well stream-

lined.

From the standpoint of least radar-beam distortion the best cow-

ling shape is one that is spherical (Fig. 63). The waves from the

radiation center impinge normally on the dielectric in such a cowling

(at right angles) regardless of the position of the scanning antenna,

and this produces no beam refraction. Although other waves farther re-

moved from the center of the beam impinge on the cowling at other an-

gles, any distortion which may result will be identical regardless of

antenna position. However, at high velocities a cowling shape of this

sort will not be satisfactory from the standpoint of aerodynamics.

Therefore, with increasing missile flight velocities, the degree of

cowling "softness" must be increased, although this may result in the

introduction of certain distortions in the shape of the radar beam,

and this has an effect on guidance accuracy.

a b c

Fig. 63. Possible cowling shapes for
the antennas of guided-missile radar
homing systems: a) Spherical; b)
streamlined; c) pointed.

As the shape of the cowling becomes more pointed, the problem of

achieving the least distortion of the beam becomes more difficult. In

this case, the angle of radiowave incidence on the cowling changes

rapidly as the angle of antenna turn changes, and if the cowling has

been put together from dielectric sheets of identical thickness, the

degree of radiowave reflections and absorptions will change as the

angle of antenna turn changes, with the distortion in the direction of
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the beam perhaps not identical to the degree of antenna turn for the

various angles of deflection from the central axis. Therefore, in the

construction of pointed cowlings dielectrics that are not of identical

thickness are selected and these are generally not of the same material

but rather of a combination of various materials exhibiting a variety

of electrical characteristics.

Radar cowlings are characterized by a number of electrical char-

acteristics such as the transmission factor, reflectance, the refrac-

tive index, etc., which exert influence on missile control and some-

times reduce both accuracy and reliability of guidance.

The transmission factor is the ratio of the transmission power

to the incidence power and is never equal to unity for actual cowling

materials. However, since the effective range of the radar unit is

proportional to the fourth root of the transmitted power, it exerts no

significant effect on a reduction in range. Therefore the path of im-

pairing the transmission factor of the cowling somewhat is generally

taken in order to achieve some improvement in the remaining character-

istics.

In the majority of cowling designs the magnitude of reLlection is

a function of the angle of incidence as well as of the polarization of

the waves of radiated and received electromagnetic energy. This makes

it difficult to obtain minimum reflection, since the angle of incid-

ence and the direction of the polarization vector may change within a

wide range.

Multiple reflection within the cowling and in its walls may in-

crease the level of the minor lobes and shift the radar beam.

If the cowling and the antenna vibrate in relation to one another,

there may be a significant increase in the level of microphone noise

in the radar unit, as a result of which the signal that is reflected
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from the target may be masked. Therefore, the cowling is designed and

built with particular care.

Beam refraction in the cowling sometimes yields false data re-

garding the position of the target, and may also produce errors in

the measurement of angular velocity. The magnitude of the refractive

index of the beam, changing as a function of the angle of antenna ro-

tation, may exert a significant effect on missile control. In this

case, the commands tra!mitted to the missile control system will be

erroneous and the missile may execute incorrect maneuvers. Because

of the asymmetry of the effects of polarization with respect to the

cowling, the refractive index in the vertical plane will differ from

the refractive index in the horizontal plane. This makes it difficult

to make control systems and cowlings which can provide for normal

missile guidance.

A reduction in these losses and distortions is achieved in con-

temporary cowling design by using cowlings with thin walls, laminated

walls, or with a wall whose thickness is equal to half the wavelength.

A cowling with laminated walls consists of two very thin layers of

dense material (for example, fiberglas, soaked in tar), and separated

by a low-density medium. This medium may be air, cellular fiberglas,

paper, or foam plastic. To eliminate the shifting of the sighting line,

a cowling wit? an inner (middle) layer of foam plastic is used. In

this case, the cowling thickness is generally made to diminish gradual-

ly as a function of the angle of radar-beam incidence.

The latest models of missiles using radar homing systems ("Falcon")

employ ceramic cowlings whose characteristics depend only slightly on

the heating temperature.

§3. SEMIACTIVE RADAR HOMING SYSTEM

Of the semiactive homing systems the radar system has found prac-
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tical application. In this system the radar transmitter which irradia-

tes the target is not mounted in the missile but at some outside com-

mand post.

For reliable missile guidance to the target the target must con-

stantly be irradiated by electromagnetic energy, i.e., the antenna of

the radio transmitter must always be directed at the target and in

the case of a moving target the antenna must always follow after the

target. Therefore, a radar unit with an automatic target-tracking

device is always used as the outside transmitter. The principle of

operation in such a radar unit differs in no way whatever from the

operating principle of the radar unit employed in active homiig systems,

with the exception of the difference in the point of installation.

I B\ \

\apuoymB

Fig. 64. Two possible versions of a semiactive
homing system. 1) Version I.

The on-board equipment of the simplest semiactive radar homing

system, just as in the active system, consists of a target-tracking

circuit (the orientation device) and a missile-control loop. The mis-

sile-control loop does not differ in any way from the analogous cir-

cuit in the active system. The target-tracking loop differs in that

it does not contain a transmitter and in that it consists of a re-
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ceiving device and a directed antenna that are both mounted in the

missile's nose; in addition, the target-tracking circuit includes a

control unit and a computer. The antenna beam has a conic sweep, i.e.,

it rotates about the optical (central) axis of the antenna along the

generatrix of the cone, forming a directivity pattern with an equal-

signal zone, in order to select and track the target by direction, as

is done in the active homing system. The antenna system of the orient-

ation device, as in all homing systems, is mounted on a stabilized

platform which makes it possible to use various guidance methods for

the missile.

The semiactive guidance system (Fig. 64, version I) exhibits a

significant shortcoming in comparison to an active system and we have

reference here to the fact that there is, in this version, no possi-

bility of selecting and tracking a target by range, since it is im-

possible to measure the time between the instant of pulse emission

from the transmitter and the instant of reception of this pulse by

the missile. This shortcoming may result in a situation in which a

missile directed at a particular target will leave its proper heading

or arbitrarily change the guidance target upon the appearance of some

other target in the field of view of its antenna. Therefore, in addi-

tion to a receiver and an antenna (mounted in the nose of the missile)

in the case of semiactive guidance systems an additional auxiliary

receiver and antenna (Fig. 64, version II) is frequently installed in

the tail of the missile, and the antenna is directed backward to re-

ceive the pulses from the radar unit. This makes it possible to syn-

chronize the missile-guidance system with the mobile outside irradia-

tion radar unit in order to make possible the measurement, by the

missile, of range or rate of change in range. In such a semiactive

system a strobe pulse is developed, and this makes it possible to
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select and track only the desired target (Fig. 65).
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Fig. 65. Simplified block diagram of
semiactive radar homing system. 1) Nose

antenna; 2) for version II; 3) tail an-

tenna; 4) delay circuit; 5) tail re-
ceiver; 6) nose receiver; 7) video ampli-
fier; 8) range selector; 9) error-signal
detector; 10) error-signal amplifier; 11)

motor for beam rotation; 12) reference-
voltage generator; 13) limiter; 14) pitch

phase commutator; 15) elevator drive; 16)

limiter; 17) heading phase commutator;
18) rudder drive.

The sequence of action in the launching of a missile and the

selection of a target in semiactive systems remains basically the same

as when active systems are employed However, a characteristic feature

of the semiactive homing system is the fact that after the launching

of the missile the illuminating radar unit must remain directed at the

target and continuously track the target (and in certain cases provide

for the transmission of a synchronizing signal to the missile through

the tail antenna of the missile) throughout the entire period of mis-

sile flight to the target, and this indicates that so long as the

missile is in flight an attack can be carried out only against a single

target, although if time and circumstances permit any number of missiles

may be launched against this target.
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When using semiactive systems it becomes theoretically possible

to launch missiles from other directions with respect to the radar-

target irradiation direction as well, and this makes it possible, if

necessary, to separate the position of the radar unit and the launching

installation by great distances. But in these cases, if the radar unit

must provide for the transmission of a synchronizing signal to the

missile through the tail antenna of the missile in addition to its

function of irradiating the target, limitations are imposed on such

a semiactive homing system and these are functions of the width of the

irradiating radar pattern and the maneuverability of the missile

immediately after launch.

Fig. 66. Outside view of semiactive radar

homing head in a guided missile.

Moreover, there is the possibility in semiactive systems continu-

ously to monitor the operation of the radar unit and the operator can

always verify that the desiredtarget is the one being tracked. In an

active system there is no such possibility after the missile has been

launched.

Because the radar transmitter has been removed from. the missile,

the power of the transmitter can be increased; therefore, as a rule,

all semiactive homing systems have a greater guidance range than do

active systems.

The maximum effective range of a semiactive homing system can be
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expressed by means of the same formula as was cited for the active

system, but we must take into consideration that the parameters of

the receiving unit remain the same as in the case of an active system,

and the parameters of the transmission unit are different from the

case of an active system and may be substantially higher, i.e.,

Ix 64AZ P.. 1,

where D is the effective range of the semiactive system; P is=pa lz

the emission power of the radar transmitter; nl = n2 are the coeffi-

cients by means of which we characterize the level of intersection

between the directivity patterns of the transmitting antenna of the

radar unit and the receiving antenna of the missile with their optical

axis (approximately 0.7-0.8); D1 is the diameter of the transmitting

antenna ; D is the diameter of the receiving antenna (in the missile);

Sts is the effective area of the target; X is the wavelength; Pmin is

the threshold sensitivity of the receiver (in the missile).

In this case it is necessary to bear in mind that the maximum

range of a semiactive system is characterized by the product of two

ranges: the range D ' from the transmitter of the radar unit to the=pe r

target, and the range D from the target to the receiver aboard the
=pr

rnissile, and these quantities may vary, and may vary even more with

respect to one another during the guidance process. It is character-

istic of the given case that the product of these ranges D D re-
=per=pr

mains constant:

RU = ]?On = const,

and this means that these ranges may, during the guidance process, be

redistributed as required, provided that the following condition is

satisfied: D will not exceed the range of the automatic radar

=pe-r
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tracking unit.

Hence it follows that if the semiactive system is turned on prior

to the launch and the missile is situated close to the radar unit,

these ranges will be identical and equal to the maximum effective range

of the semiactive system, i.e.,

Another system can be employed for the initial guidance of the

missile, the guidance range may be increased by the following redis-

tribution of ranges:

.'anp < lZnep -- RLacPn,

where D is the maximum range of the automatic radar tracking unit.=asrp

Let us compare the maximum effective ranges of the active and

semiactive homing systems for the case in which neither system is em-

ployed for initial guidance. Assuming il 'rj we will obtain

4

/ _asaD_

If we assume, in approximate terms, that the radiated power of the

radar unit in the semiactive system is Plizl = 5Pizl and the diameter

of the antenna D1 = 5D(where Pizl and D are the parameters of the active

homing system), we will obtain

R 3,3f.

Thus approximate calculations of the maximum effective range of the

semiactive system may exceed the maximum effective range of the active

system by a factor of more than 3.

However, the absolute magnitude of transmitter power, and-conse-

quently, the theoretical effective range of the guidance system, are

functions of the position of the radar unit (on the ground, on a ship,

in an aircraft), i.e., in essence these are functions of the class of
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missile for whose guidance a semiactive system is used. For example,

there are serious limitations in an aircraft with regard to weight and

the dimensions of the equipment used. Therefore, there are no possibi-

lities of significantly increasing the power of the transmitter in an

aircraft. On a ship and on the ground it is possible to use radar

stations of very great power; therefore, the effective range of semi-

active homing systems, such as used for ground and ship-board missiles,

is always greater than in the case of aircraft homing systems. Accord-

ing to reports in the foreign press, the semiactive homing system is

sufficiently reliable for distances under 30 km.

The semiactive radar homing system may be used for the same class-

es of missiles as the active system, i.e., for missiles of the following

classes: "air-to-air," "air-to-ground," "ground-to-air," and "ground-

to-ground." In the latter case the possibility of using such a system

is extremely problematical and theoretically possible only for the

subclasses "ground-to-ship" and "ship-to-ship." For each of these mis-

sile classes the tactical features of their utilization differ from

the tactical features that are encountered in the utilization of active

homing systems.

For missiles of the class "air-to-air" the semiactive system dif-

fers from the active system in that with the utilization of an active

system the carrier aircraft can fly in any direction after the launch-

ing of the missile or it can attack some other target; in the case of

a semiactive system, the carrier aircraft is not free, since the radar

unit aboard the aircraft must constantly irradiate the target until the

missile encounters the target. In this case, the maneuverability of the

carrier aircraft is extremely restricted. The restriction of the maneu-

verability of the carrier aircraft depends on the width of the beam

and the maximum angle of rotation for the antenna of the irradiating
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radar unit, and it also depends on the manueverability of the missile

and the number of missiles launched or intended for launch against

the given target.

For missiles of the class "air-to-ground" it is characteristic,

when compared with the class "air-to-air," that the target being at-

tacked is either in a fixed position or is moving slowly; therefore

the time factor is not so important in the attack. Consequently, there

is no need to launch several missiles simultaneously against a single

target, since new attacks may be launched if the missile should fail

to strike the target or if the effect produced by. the striking of a

single missile against the target is inadequate.. This pertains in

equal measure to active and semiactive systems. The difference here

lies in the fact that in the given case the radio unit aboard the air-

craft must illuminate the target until the missile strikes it, wh4 ch

forces the carrier aircraft to remain in the vicinity of the target

until completion of the missile-guidance process.

In the case in which a semiactive homing system is used, and this

applies particularly to missiles of the class "ground-to-air," there

is a possibility of using a combined guidance method in which, during

the first stage of the approach to the t ,vget, another guidance system

may be employed; after the missile has been guided to the prescribed

point, the semiactive system takes over. This makes it possible to in-

crease even further the effective range of the semiactive system.

In all other ways the advantages and shortcomings of the active

homing system apply to the semiactive system.
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Manu-
script [List of Transliterated Symbols]
Page
No.

122 o6 - ob = ob'yektiv = objective

122 u = ts = tsel' = target

122 aTM = atm = atmosfera = atmosphere

122 OnT = opt = optika = optical system

123 hop = por = porogovoy = threshold

140 ac = as = aktivnaya sistema = active system

140 M3n = izl = izlucheniye = radiation

150 na = pa = poluaktivnyy = semiactive.

150 M3n = izl = izlucheniye = emission

150 nep = per = peredatchik = transmitter

150 np = pr = priyemnik = receiver

150 acnp = aspr = avtomaticheskoye soprovozhdeniye radiolokatora

podsveta = automatic tracking unit
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Chapter 7

EXTERNAL GUIDANCE SYSTEM

§1. BEAM-RIDER GUIDANCE SYSTEM

The system used to direct a guided missile to a target along a

radar beam consists of a radar guidance unit with conic sweep at the

control point and of equipment aboard the missile to receive the

emission of the radar guidance unit and to work out independently the

control signals which will force the missile to fly along the axis of

'$

Fig. 67. Single-beam guidance system for
missile along radar beam (the three-point
gu'dance method). 1) Radar unit for track-
ing of target and missile guidance; 2)
launching site.

rotation of the radar beam.

As was indicated in Chapter 4, there are two types of beam-rider

guidance systems. One of these systems involves the direction of the

missile to the target by means of a single radar unit (Fig. 67) which

automatically tracks the target, continuously tracking the target
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Fig. 68. Two-beam system for guidance of
missile along radar beam (method of
guidance to predicted point). 1) Pre-
dicted point; 2) radar guidance unit; 3)
launching site; 4) computer; 5) target
track radar; 6) from space radar.

against which the missile is being launched. The missile moves toward

the target along the beam of this radar unit.

The other version of the system provides for the utilization of

two radar installations (Fig.:68), of which one is a conventional

automatic target track radar unit which works out all of the necessary

data regarding the target, while the other unit is a simple radar

transmitter which emits a rotating beam along which the missile moves.

The guidance transmitter whose beam is directed to intercept the target

controls the computer on the basis of the target data developed by

the target track radar unit.

The second version of the beam-rider guidance system may be exe-

cuted in another way. Instead of the first radar unit tracking the

target, an optical system may be employed, and this system will supply

the instantaneous coordinates of the target to the computer.

Simpler versions of these systems (for example, used for missiles

of the "air-to-ground" class) provide for the simple coupling of the
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optical system tracking the target with the antenna of the radar unit

along whose beam the missile is guided to the target. The coupling is

carried out so that the axis of the radar beam coincides or almost co-

incides with the line of sight of the optical aiming device. The sys-

tems make it possible to guide missiles along a radar beam against tar-

gets which do not offer any radar contrast but can be observed by

means of optical sighting devices.

Let us examine the principle of guidance employed in the system

with a single radar unit. In this case the radar guidance unit is

a radar unit that automatically tracks the target and consists of a

transmitter, a receiver, an antenna with a rotating vibrator, and an-

tenna drives which turn the antenna in the direction of target motion.

The operating principle of this radar unit is analogous to the one

described above. The antenna of this unit shapes a beam that is de-

flected with respect to its optical axis and which, with the turning

of the vibrator, also rotates, thus producing a zone of irradiation

in the form of a cone about its axis of rotation (see Fig. 59). The

conic zone of irradiation produced by the rotating beam of the antenna

is frequently, for the sake of simplicity, simply referred to as the

guidance-radar beam. When we say that the missile is being guided

along a radar beam, we have in mind the guidance of a missile along

the axis of this zone of irradiation.

The missile which carries a receiver whose antenna is directed

backward enters the beam after launching and begins to receive radar

signals from the radar guidance unit. The operating principle of the

guidance equipment installed aboard the missile is similar to the

operating principle of the receiver portion of the target track radar,

also described above. If the missile flies along the axis of beam ro-

tation in the equal-signal zone, the receiver in the missile receives
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signals of identical amplitude during the period of beam rotation. Any

deflection of the missile from this axis results in the appearance of

amplitude modulation of the received signals at the frequency of beam

rotation. The modulation amplitude (modulation factor) of the signal

is proportional to the magnitude of missile deflection [deviation] from

the axis, and the phase of the signal characterizes the direction of

deviation.
2
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Fig. 69. Coordinates characteriz-
ing the position of the missile
in the radar beam: e) The angle
between the axis of beam rotation
and the direction to the missile;
p) radius vector from beam axis
to missile; T) angular coordinate
of missile in polar system of co-
ordinates; l)Origin; 2) to target;
3) radar unit.

The received signals are detected and as a result of this de-

tection an error-signal voltage is generated. In order to obtain con-

trol voltages it is necessary for the error-signal voltage to be com-
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pared with the reference voltages which are formed aboard the missile

in accordance with the data from the guidance station. To obtain

reference voltages aboard the missile'the guidance radar unit must

emit special coded signals. A comparison of the phase of the reference

voltages with the phase of the error-signal voltage makes it possible

to determine the direction of missile shift with respect to the axis

of beam rotation and to obtain the corresponding signals for missile

control in the heading and pitch channels.

Since the frequency of the variable reference voltage generated

aboard the missile must be synchronous with the frequency of beam ro-

tation (the scanning frequency) of the radar guidance unit, a refer-

ence-voltage generator for the guidance radar unit is generally em-

ployed to form the codes which contain the information that is re-

quired for the formation of the reference voltage aboard the missile.

The transmission of such information to the missile may be accomplished

in a number of ways which make it possible easily to separate the

modulation of the reference voltage from the amplitude modulation that

represents the error signal (for example, by the frequency modulation

of the transmitted signals).

The error signal released in the missile contains intelligence

regarding the position of the mis3ile within the beam, in the polar

coordinates (p, p). In order to use thts intelligence to control the

missile with respect to pitch and heading it is necessary to convert

the received intelligence into rectangular coordinates. This is accom-

plished by means of the computer.

The spatially shifted position of the missile with respect to the

rotation axis of the guidance radar beam may also be determined by

conical coordinates (Fig. 69): by the angle e between the axis of

beam rotation and the direction to the missile, the latter determined
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by the depth of the amplitude modulation of the error signal, and by

the phase angle T determined by the phase detector with the aid of the

reference voltage. To make possible the control of the missile the

conical coordinates must be converted into cylindrical coordinates,

for which purpose only a single angular coordinate 6 is converted into

the coordinate p which represents the radius vector from the axis of

the beam to the missile. These cylindrical coordinates, which are polar

coordinates for each specific instant of time, are converted into the

rectangular coordinates (x, y) so that the obtained signals can be

used to control the control surfaces of the missile in two mutually

perpendicular directions.

In the beam-r ar guidance system the missile, as a rule, is

stabilized for roll and guidance is executed on two channels.

If the missile is deliberately permitted to rotate, the spatial

coordinates of the missile (x, y) are converted in the missile to the

coordinates (x', y') that are rigidly associated with the missile it-

self, as a result of which the command signals are also recalculated

from one system of coordinates to the other. This recalculation is

carried out by means of the computer that is connected to the roll

gyroscope.

The control cycle is concluded when the command signals to the

autopilot, and from there.to the control units, bring the missile to

the beam axis and set the control surfaces in neutral position.

In the first version of the beam-rider guidance system the

missile is always guided in accordance with the three-point method,

i.e., the missile is always in a straight line between the radar

guidance unit and the target throughout the guidance process. The

flight trajectory of the missile in this instance is such

that as the distance between the missile and the target is reduced
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Fig. 70. Approximate trajectories of mis-
siles launched at definite intervals of
time from a single launching site and
against a single target (the three-point
beam-rider guidance method): x) instant of
end of engine operation; 1) 400 m/sec; 2)
launching of the 1st missile; 3) launching
of the 2nd missile; 4) launching of the 3rd
missile.

the curvature of the trajectory is increased (Fig. 70). The distortion

of the trajectory of missile flight, guided along the beam, is even

further increased after the end of engine operation and this can be

explained by the drop in missile velocity during the passive phase of

the missile flight.

In the case of guidance against a moving target the missile almost

always flies at some angle to the beam axis. This angle generally in-

creases as the missile moves farther away from the guidance radar unit,

as a result of the increase in the curvature of the trajectory. More-

over, during flight the missile may rotate, and assume any position

with respect to the transmitting antenna. As a result the utilization

of a single antenna on the missile will have a negative effect on

guidance, since the magnitude of the signal received by the missile

will fluctuate markedly. In order to eliminate this phenomenon, the

receiving device in the missile functions with several antennas (usu-

ally four) which are connected to the general guidance circuit.

In the case of missiles whose wings and stabilizers are positioned
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in the form of a crobs it is convenient to position four antennas at

the trailing edges of the stabilizers or in special grooves at the

rear end of the missile frame. In these cases small-scale antennas are

used. Slot-type antennas installed or made flush with the skin of the

frame are very convenient.

This branched antenna system may also be used advantageously be-

cause the glowing gases escaping from the nozzle of the rocket absorb

to a great extent the emitted signals and attenuate reception. Some

single antenna may always be screened by a stream of glowing gases

in any of the various positions in which the missile finds itself.

By positioning four antennas in mutually perpendicular directions re-

liable reception is assured for virtually any of the possible positions

of the missile in the beam and for any polarization of the signal.

In order to provide for more exact missile guidance to a target

great requirements are imposed on the transmitting antennas, their

characteristics, and the stability of the transmitter. The antenna

must form the beam to a rigorously correct shape, and the transmitter

must maintain constant emission power so that during the period of

antenna rotation the strength of the emitted signal remains constant

in the equal-signal zone.

In the beam-rider guidance system the accuracy of guidance is

impaired in approximate proportion to range as the missile moves away

from the radar unit. In order to reduce the guidance error at limit

range it is necessary to make the beam as narrow as possible. There-

fore, this system employs a beam hat ranges in width from 3 to 0.50.

The conic angle of the surface described by the axis of the rotating

beam is set at less than twice the width of the beam.

However, if a somewhat too narrow beam is used, other problems

arise, i.e., difficulty in aligning the missile in the narrow beam
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during launching and increasing the possibilit'y of having the missile

depart from the beam in the case of rapid shifts in the beam as a

result of sharp target maneuvering.

2u, if U" -R

Fig. 71. Beam-rider guidance system
(narrow beam) and the system employed
to align the missile on the beam (wide
beam). 1) Guidance radar unit; 2) wide
beam; 3) narrow beam; 4) launching site.

In order for the missile to enter the beam it must be launched

from a site that is directed (frequently by means of a special com-

puter installation) so that the motion of the missile during the launch

follows a direction close to that of the beam axis, and as close as

possible to this axis. The more exactly the direction of missile

flight at launching is made to coincide with the direction of the

beam axis, the smaller the transient response after missile lock-on

and the time at which the on-board guidance system begins to function,

thus bringing the missile most rapidly to the beam axis. If the entry

angle of the missile into the beam is sufficiently great the missile

may pass straight through the bean, there will be no lock-on of the

missile by the beam, and the missile will be lost.

To enhance the entry of the missile into the beam, various beam-

gathering systems are employed during the launch. The most popular

beam-gathering (capture) system is the system which employs a second
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transmitter with another antenna systpm which forms an additional wider

beam (Fig. 71). This wide, or in other words, coarse beam is intended

for the initial capture of the missile and to gather it into the narrow

or more exact beam. A missile, on entering the wide beam, is guided in

this beam in accordance with the same principle as applies to the

narrow beam, striving to enter the equal-signal zone of the beam. The

axes of rotation of both the wide and narrow beams are close to one

another or coincide exactly. As the missile enters the equal-signal

zone of the wide beam the missile is actually in the effective zone of

the narrow beam. During this time the missile automatically executes

the switching of the guidance procedure from the wide beam to the

narrow beam.

The wide beam is very much wider than the narrow beam. If the

narrow beam is 30 wide the wide beam is generally 200 or more wide.

Sometimes the width of the beam is of the order of 600. The antennas

of the wide and narrow beams are generally positioned on a single axis

of a rotating device and are equipped with a common motor drive for

purposes of rotation. The speed of antenna rotation may be 100 rpm

and higher.

The wide-and-narrow beam transmitters emit signals that differ in

frequency, but these frequencies are close to one another. The signals

are received aboard the missile by a single antenna (if there are

four antennas, then these signals are received by each of the four)

and are separated into the wide- and aarrow-beam channels by means of

frequency filters. Then the signals are strengthened by means of the

amplifiers that are provided individually for each channel.

The switching of control from the wide beam to the narrow beam is

accomplished by means of a relay which is controlled by the modulated

voltage of the wide beam and the switching is executed at the instant
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at which the modulation factor of the wide-beam signals drops below a

certain set magnitude. The magnitude of the voltages across the wide-

and narrow-beam channels, proportional to the modulation voltages, are

evened out so that in switching from one beam to the other there should

be no discontinuity in voltage capable of disrupting smooth and con-

tinuous guidance.

If a missile being guided to a target along a radar beam is

launched from an aircraft, the installation of a second transmitter

for a wider beam is not feasible. Therefore, in such cases other beam-

gathering systems are employed. However, the launching of a missile

must always be carried out in the direction in which the carrier air-

craft is flying.

In order to prevent the missile from escaping the beam as it is

being guided against a fast-moving or highly maneuverable target, the

width of the beam must be increased somewhat and this results in a

situation in which the equipment aboard the missile must function at

smaller field-voltage differences both in the center and at the edges

of the beam;, as a result, more sensitive receiving devices must be

installed aboard the missile.

In the case of the second beam-rider guidance system, in which

case the target is tracked by means of a single radar unit, and the

guidance of the missile is carried out by another radar unit (a

single transmitter), no expansion of the radar beam is required. In

this case, with the narrow guidance radar beam a special computer de-

vice is employed and this unit, on the basis of the data received

from the automatic target track radar unit, not only calculates the

point of contact between themissile and the target but also works

out the corresponding program of' guidance radar-beam movement which

will prevent any excessively rapid shifting of this narrow beam in
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space. As a rule, this system guides the missile to the target in ac-

cordance with the lead-point method. However, in addition this program

may include the following: the rapid attainment by the missile of the

most economical cruising altitude, and subsequently as the missile

approaches the target, it is capable of flying at certain steep-dive

or pitching angles.

Regardless of the beam-rider guidance system used, the accuracy

of guiding a missile to a target depends, in great measure, on the

accuracy of the tracking of the target with respect to the angular

coordinates, and this in turn is a function not only of the beam

width and the stability of the transmitter, but of the fluctuation

(extinction) of the reflected signal. In tracking a moving object,

definite reflected-signal fluctuations appear at the output of the

receiver installation of the target track radar, and these fluctua-

tions are functions of the shape and dimensions of the object and the

nature of its motion. These fluctuations, to a greater extent than

the internal noise of the radar receiver, disrupt the tracking process

and restrict the accuracy of tracking an object. To reduce the degree

of their influence, it is desirable to compare the obtained signal

levels for various beam positions as quickly as possible, i.e., it is

desirable to rotate the beam as rapidly as possible. However, the

speed of beam rotation is limited by the mechanical possibilities as

well as by the number of pulses that can be ascribed to the target,i.e.,

the number necessary for reliable reception and sufficiently accurate

determination of the amplitude and phase of the envelope after the de-

tection of the signals.

The accuracy of target tracking is restricted primarily by the

fluctuation component of the reflected signal on a frequency close to

that of beam rotation and by the harmonic components of this frequency.
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The magnitude of these components is proportional to the passband of

the directional tracking system (the angular-coordinate target-tracking

circuit), which, consequently, should desirably be reduced to the

minimum permitted by the nature of the object's motion. For example,

in tracking a slow-moving ground or naval target the passband of the

system may be made extremely small; in tracking aerial targets the

passband must be greater, i.e., in proportion to their greater speed.

If the passband of the directional tracking system were changed

in inverse proportion to the range, it would be possible to increase

the accuracy of determining the data at great distances from the

guidance point where the angular velocities and accelerations of beam

shifting are small, but where a small error in angle would result in

great linear deviations. An increase in the band at small distances,

however, will not result in any reduction in linear accuracy in track-

ing high-speed aircraft.

The guidance system which employs a rotating radar beam makes it

possible to detect a shift in the target (or a shift in the missile)

by less than 0.1 of the width of the beam.

The beam-rider guidance system gained widespread practical ac-

ceptance because of its comparative simplicity and adequate high

guidance reliability. The simplest systems of this type (for example,

aircraft) have rather uncomplicated equipment at the control point

and rather simple on-board equipment (a transmitter on-board the

missile is not required).

The beam-rider guidance system is employed for missiles of the

following classes: "ground-to-air," "air-to-air," and "air-to-ground";

however, this system is used primarily for the guidance of anti-air-

craft missiles.

Beam-rider guidance systems may also be employed to control
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ballistic missiles of the "ground-to-ground" class during the initial

phase of the flight trajectory (Fig. 72).

The effective range of the system is not too great and is com-

pletely determined by the effective range of the target track radar

and the missile radar guidance units. The effective range of the sys-

tem is only a weak function of meteorological conditions. An advantage

of this system is the possibility of simultaneously guiding several

missiles along a single beam against a target (or group of targets).

But since the radar beam tracking the target must be directed at the

target throughout the entire time of missile flight, until the attack

against a single target is completed it cannot be transferred for use

in the guidance of missiles to other targets. This circumstance, more-

over, in the case of guidance of the "air-to-air" missile class re-

stricts the maneuverability of the carrier aircraft which must fly so

as to execute the least possible lateral movement on the part of the

missile in order to avoid losing it.
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Fig. 72. The beam-rider system
for the guidance of ballistic
missiles during the initial
portion of the flight. 1) Trans-
mitting station; 2) launching
site; 3) control station; 4)
plane of flight heading; 5) tar-
get.

A shortcoming of the beam-rider radar guidance system is the

fact that as the missile moves farther away from the radar unit, i.e.,
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as the missile approaches the target, the accuracy of guidance is di-

minished, while at this particular instant an increase in accuracy is

required. To eliminate this shortcoming in the guidance of missiles

against distant targets, this system is used in combination with a self-

guidance (homing) system that is generally semi-active; this system is

actuated during the last stage of the missile flight.

Another shortcoming of the system is its sensitivity to the

effect of radar interference produced by the enemy. Such interference

may be produced by a jammer carried by the targets against which the

missile is being launched, as well as by metal-coated strips scattered

in the air and capable of decoying the guidance beam from the target.

§2. COMMAND GUIDANCE SYSTEMS

In command guidance systems, which can be made in a great many

versions, the missile is guided against the target by means of

special commands that are transmitted in some manner from a command

station to the missile for purposes of changing the missile's trajec-

tory in accordance with the adopted guidance method.

To provide for guidance this system must observe the motion of

both the missile and the target from a command station and determine

their mutual position; in addition, the system must provide for the

calculation of errors in missile trajectory, work out control commands,

and transmit these to the missile where the on-board control system

must evaluate these and guide the missile along the required trajectory.

The evaluation of the magnitude of missile deflection from a

given heading (guidance errors) and the determination of the nature

(selection) of the required signal transmitted to the missile for the

elimination of the error is sometimes accomplished visually (manually)

in these systems by the operator, but most frequently this is done

automatically by means of computer installations. Depending on the
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manner in which the foregoing is accomplished, command systems are'

divided into nonautomated systems (with manual control) and automated

systems.

Depending on the nature of the target, the class of the missile,

and the guidance method, the monitoring of the mutual position of the

missile with respect to the target may be accomplished in various ways

(see Fig. 36). The monitoring line may be visual, or it may involve

optical, radar, or television equipment. The monitoring of the mutual

position of the missile and the target may be carried out either by

mans of a single common monitoring facility employing a common "in-

dicator" - in the case of guidance, for example, by the method of

three points; or separately, by a single facility to monitor the

missile and another facility to monitor the target, this method em-

ployed in the case of the lead-point guidance method, etc. In cer-

tain cases in order to guide the missile to a target it is sufficient

to keep only the mutual position of missile and target under control

without determining their exact coordinates; in other cases the exact

measurement of position and the elements of missile and target motion

are required, i.e., in the latter case the intelligence must contain

the angular coordinates, the range, and their time derivatives.

The selection of target-observation facilities is determined by

the type and nature of target motion. For example, for ground targets

whose movement is slow, simpler observation facilities may be employed.

If the target is fixed there is no need in maintaining its position

under constant observation. The motion of high-speed aerial targets

calls for the constant observation and continuous tracking of these

targets. The best facilities for automatic missile and target tracking

are radar -tatior,.

If the monitoring system shows that the missile has deflected

- 169 -



1 CUCmeAa HadaeeHUp

9 - O- I- N

/?luem; 4CWUoa cdceua IYU
S HUM MOP Cnpa17e,.)up

3nopmogar annapamypa7

9' 10 11 jY

01z6pa NOM HO- iiUpa. fee
In p nopibniqjU

16op

13 Annapamypa momQI~dHo~ 7p,nm

Fig. 73. Block diagram of command system
with manual control. 1) Guidance system;
2) receiver; 3) decoder; 4) on-board con-
trol system; 5) control surfaces; 6) on-
board equipment; 7) observation (monitor-
ing line); 8 )"command-transmission line;
9) operator; 10) command link; 11) coding
unit; 12) transmitter; 13) command station
equipment.

from the required trajectory, corresponding command signals are trans-

mitted to the missile over the control link (the command-transmission

link). The control link may either be one involving wires, radio lines,

or radar equipment; the command guidance systems, depending on the type

of control links employed, are classified correspondingly into the

following types: systems with wire control, radio control, or radar

control.

In order to distinguish one command from another transmitted to

the missile, the commands are coded. The coding of the commands, more-

over, is made necessary by the need to eliminate (or reduce) the in-

fluence of natural interference and the possibility of deliberate

enemy interference, which might disrupt the normal control of the

missile. The necessity to code control commands calls for the incor-

poration of a coding unit into the system at the command station and

for the inclusion of a decoder aboard the missile.

The coding of signals is employed in all command systems, regard-
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less of whether they are nonautomated or automated. In the case of the

nonautomated systems coding is accomplished manually by the operator

through the coding unit of the command device, whereas in the automated

systems this operation is carried out by a computer.

For the formation of commands in command installations mechanical

or electrical signal-coding systems are generally employed. The former

are used, as a rule, in the manual command systems, while the latter

are generally employed in the automated systems.

There exist various methods of coding signals: coding with respect

to quantitative and qualitative indicators, coding [sic], and com-

bined coding. In the case of coding with respect to quantitative and

qualitative indicators the transmitted signal is distinguished in

terms of polarity, amplitude, quantity and duration of pulses, repe-

tition rate, and other characteristics. In the case of coding [sic]

the formed signal is composed of several qualitatively different

pulses transmitted according to a definite sequence. Coding [sic] pro-

vides the system with stability against natural and artificial inter-

ference. The most complex method is the one which involves combined

coding which employs a complex system of signals sometimes transmitted

simultaneously over several channels. In this case the command will be

executed upon receipt of the entire aggregate of signals over all

channels. Such coding always makes difficult the interception and

aralysis of the transmitted signals and provides for the most reliable

protection against enemy interference.

The commands formed in the command or computer device are trans-

mitted to the modulator which controls- the command radio- or radar-

transmitter which transmits commands to the missile through its an-

tenna in the form of modulated radio signals.

To distinguish the coded commands a decoder is mounted in the
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missile and this unit exhibits selective properties. The received

and decoded signals are directed to thu corresponding channels and in

accordance with their designation control the functioning of definite

servo loops.

Thus the equipment of a typical command guidance system consists

of the comparatively simple on-board missile equipment consisting of

a receiver with an antenna, command signals, and a decoder, and a

simple or more cumbersome and complex (depending on the complexity of

the system) piece of equipment at the command station which includes

facilities for observations of both missile and target (in certain

cases, observation of one of the targets), a manual command device

or a computer device with a coding system, and a command transmitter.

The block diagram of a nonautomated command system is shown in Fig. 73,

and that of an automated system is shown in Fig. 74.
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Fig. 74. Block diagram of automated com-
mand system. 1) On-board equipment; 2)
receiver; 3) decoder; 4) on-board con-
trol system; 5) control surfaces; 6)
monitoring; 7) command transmission; 8)
automatic tracking station; 9) computer;
10) coding unit; 11) transmitter; 12)
ground equipment.

The designation of the command guidance system is determined

either according to the type of control link or according to the

type of monitoring link, i.e., by the element of the system which is
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Fig. 75. Operating principle of wire command control system:
1) Optical device; 2) command device; 3) wire form.

characteristic for the particular version of the system. Primarily,

we distinguish four types of command systems: a wire guidance system,

a radar guidance system, an optical guidance system, and a television

guidance system. Certain of these systems, depending on the differing

tactical and similar conditions of utilization, appear in a number of

versions.

The wire guidance system (Fig. 75) is the simplest of the command

systems. It is included among the nonautomated systems. Data regarding

the position of the target and the missile are, in this case, re-

ceived visually, and the missile is controlled by means of pulsed

electrical signals transmitted by an operator through a command in-

strument over two fine insulated wires which unwind (during the

flight of the missile) from freely rotating wire forms mounted on

the missile itself (generally on the wings of the missile) and at the

control point (on the ground or in a carrier aircraft). The advantage

of such a system is the simplicity and immunity to enemy interference.

However, in the case of great missile flight velocities such a control

link would not be reliable in view of the possibility of the separa-

tion of the wires. Moreover, the range of the wire guidance system

is extremely limited - at best, only several kilometers. Such a

system is used in the French antitank "Nord 5200" missiles, These

missiles leave a glowing track during flight, making it possible to

track their flight exactly by means of an optical sighting device. A
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mi3sile of this type, launched approximately in the direction of the

target, after entering the field of view of the aiming device is lined

up (by the flashes from the tail assembly) with the cross-hairs of

the aiming device and directed at the target. The effective range of

the system is less than 2 km. The inherent shortcomings of the wire

system restrict its utilization markedly.

The optical command system (Fig. 76) is also classified among the

nonautomated systems. In this system missile and target tracking and

determination of their mutual position is carried out by an operator

through optical aiming devices. The transmission of commands to

correct the trajectory of the missile is also carried out by an opera-

tor over a radio link. Errors that are characteristic of manual con-

trol can also occur in such a system and, consequently, the guidance

accuracy depends in great measure on the ability and experience of the

operator. A simple optical system may be used to guide missiles of the

"air-to-air" and "air-to-ground" classes (Fig. 77). In this case, an

optical sighting device is mounted on an aircraft, as well as a com-

mand device to work out the required command signals, and finally

there is a radio transmitter. The on-board equipment of the missile

is typical of the majority of command systems. The missile is general-

ly guided in accordance with the three-point method in which it is

maintained constantly on the line between the command point and the

target. The optical systems in which cumbersome optical theodolites

are used to track both the missile and the target are used for the

guidance of missiles of the "ground-to-air" class (Fig. 78). However,

optical systems have not gained widespread acceptance because of a

series of significant shortcomings: low range of visibility, depend-

ence on weather conditions and time of day, as well as because of the

complexity of the construction of the theodolite stations, etc.
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Fig. 76. Diagram of optical command sys-
tem. 1) Optical system for the tracking
of the target and the missile; 2) com-
puter; 3) radio command transmitter.

Radar command systems are improvements over the systems con-

sidered above. Depending on the number of radar units in the radar

command guidance system, systems are divided into single-beam (with

a single radar unit) and dual-beam (with two radar units).

Two types of single-beam radar command guidance systems are

known, and of these one is used for the guidance of a missile against

a moving target, while the second is employed for fixed targets.

In the first version (Fig. 79) the single-beam radar command

system employs one and the same radar unit simultaneously to track

the motion of the target and the missile. In this case, the missile

moves along a trajectory which is constantly within the line between

the command station and the target, i.e., the guidance is carried out

in accordance with the three-point method. The launching of the missile

and its gathering by the radar 'beam are carried out almost in the

same manner as in the beam-rider guidance system. The determination

of missile position with respect to the target or the central axis of

the radar beam is carried out on the screen of the target and missile

track radar unit.
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Fig. 77. Utilization of optical command
system for guidance of guided missiles
of the "air-to-ground" class. 1) Carrier
aircraft; 2) computer; 3) optical aiming
device; 4) missile; 5) command trans-
mitter; 6) target.

Fig. 78. Over-all view of theo-
dolite for tracking the flight
of a guided missile: In the
center) telescopic lens; to the
left and to the right) tracking
telescopes.

To facilitate the simultaneous tracking of both the missile and

<he target by a single radar unit, a transponder is installed in the

Ps sile.
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Fig. 79. Diagram of single-beam radar
command system: radar unit simul-
taneously tracks target and missile
(radio control). 1) Target and mis-
sile track radar; 2) computer; 3)
radio command transmitter.

//

.r IPaduoao'm- CiennWo -PO-

Ha8eeHRni Ycmpo l 4eflu

Fig. 80. Diagram of single-beam radar
command system: the radar unit tracks
the missile, the target is fixed.(ra-
dar-channel control). 1) Radar guidance
unit; 2) computer; 3) target coordi-
nates.

To provide for the simultaneous trackingof two targets, the

tracking radar must be equipped with two individual receivers for

separate receipt of signals from both target and missile. The data

from the missile and target track radar units (from two receivers)

are fed into a computer which determines the errors in missile tra-
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jectory and works out the appropriate command signals which are trans-

mitted to the missile by means of the command transmitter over a radio

link. In this system more on-board equipment is required in the missile

- an auxiliary radar recelve-transmit unit (a transponder). This systemn

may be employed in missiles of the "ground-to-air" and "air-to-air"

classes.

The second version (Fig. 80) of a single-beam radar command

system is used for the guidance of missiles of the "ground-to-ground"

class in those cases in which the target is fixed and its position is

known exactly. Since the-coordinates of the target and the launching

site of the misdile are known, the flight trajectory of the missile

may be calculated in advance and be .preset. The guidance radar'un&.t .

tracks the missile from the instant of launch and continues t.,ird

cedure generally to the instant at which the engines cease t&' undtion,

continuously reporting data regarding the position of the mispile to

a computer which compares the trajectory of the missile with its pre-

set and calculated trajectory, determining the magnitude of any devia-

tion and working out the. control commands which are to be transmitted

to the missile over the radio link or over the radar beam. This system

may be used to guideballistic missiles over the initial sector of a

trajectory. In these cases, the computer controls the instant of

engine burnout as well, and the determination of this instant in

these cases is. extremely important to provide for the exact contact

of missile and target. This version of the command system has been

dubbed in certain foreign sources as the guidance system with preset

trajectory.

The two-beam radar command system is the most perfect and the

most complex form of the command system. This form of the system em-

ploys two radar units (Fig. 81) that perform their tracking opera-
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Fig. 81. Diagram of two-beam radar com-
mand system (the "Nike" system). 1)
Guidance radar unit; 2) computer; 3)
target track radar.

tions automatically; one of the radar units tracks the target, and

the other tracks the missile. The output signals of the radar units,

containing intelligence regarding the target and the missile (angular

coordinates and range) are supplied to the computer which, on the

basis of these data, automatically calculates the point of missile and

target contact, continuously working out the required missile flight

trajectory to the target as well as the control commands which provide

for the motion of the missile over the given trajectory. The control

commands may be transmitted either over the radar channel by means

of modulating the signals of the radar unit which tracks the missile,

or over a special radio link. This version of the system is employed

for the guidance of missiles of the "ground-to-air" class. A typical

example of such a system is the one which is employed for the guidance

of the American anti-aircraft "Nike" missiles. Various methods may be

employed to guide missiles with this system. The given guidance

method is carried out by the computer of the system.

The computers used for the command systems may be highly perfected.
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These computers, in addition to calculating the point of impact and

the missile flight trajectory in accordance with the selected guidance

method, may have auxiliary functions and solve a number of other

problems. The computer may determine the launching angle prior to

launch, calculate the parallax (the correction factor for the distance

between the position of the launching device and the radar firing con-

trol unit), calculate the trajectory which provides for the greatest

firing range, the minimum flight time to a given point, etc. The com-

puter may also calculate the change in the aerodynamic properties of

the missile as a result of changes in flight altitude and speed.

The control (or command) links can, in addition to the signals

for the control of the control surfaces, also carry such other com-

mands as the regulation of receiver amplification, preparation of the

warhead, detonation of the warhead at the target, self-destruction of

the missile if it fails to fly its intended course, and other informa-

tion. The quantity and quality of the transmitted intelligence, the

range, reliability, and security of transmission depends on the type

of command system employed. Proceeding from this, we determine the

type of command link (radar control or radio control), the carrier

frequency (if a radio link is selected), the number of channels, the

width of the channel, the output power of the transmitter, the sensi-

tivity of the receiver, and the type and dimensions of the antennas.

The effective range of the system is determined by the tactical

requirements and depends on the mutual position of the transmitter

and receiver during the guidance procedure, and it also depends on the

carrier frequency, the power of the transmitter, the sensitivity of

the receiver, the dimensions and directivity of the antenna, the con-

ditions of radio-wave propagation in the given region, and on other

factors.
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The reliability of the system depends on the power of tht in-

coming signal, the conditional propagation of radio waves, and the

stability of the system with respect to interference.

Of no mean significance from the standpoint of reliability is

the selection of the carrier frequency (wavelength). In the control

radio links the centimeter, decimeter, and ultrashort meter wavelengths

are most frequently employed. As is well known, with a reduction in

the wavelength the antenna dimensions are reduced and the directivity

of the antennas is increased. With an increase in transmission direc-

tivity the reliability of communications may be reduced. In addition

to having to take into consideration these factors, for purposes of

increasing system reliability we sometimes recommend, should this be-

come necessary, that the sensitivity of the receiver be made somewhat

coarser.

Any command guidance system transmitting command signals to a

missile must exhibit maximum screening of transmission, since an

enemy will attempt to detect and analyze the control signals in order

to interfere through the introduction of false signals or suppression

of reception. Detection of transmission may be made difficult by

directivity and brevity of radio transmission, and by minimum signal

power adequate to maintain communications. Decoding and analysis of

transmitted signals is made difficult by the coding [sic] of the

signals.

Command systems may be employed for the guidance of all classes

of missiles, as well as many subclasses of missiles.

Command systems with visual, optical, and television monitoring

systems are included among the manual or nonautomated systems. A

serious shortcoming of these systems is the unavoidable delay in the

motion of the missile with respect to the motion of the target, en-
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abling the target to carry out escape maneuvers during pursuit, thus

resulting in an increase in the guidance error. Another shortcoming of

these systems is their dependence on the conditions of visibility and

weather.

A more flexible and exact command system is the two-beam radar

system which is classified as an automated system. The advantage of

the radar systems lies in their limited dependence on the conditions

of weather and their complete independence of conditions of visibility.

A shortcoming of all command systems is the absence of secrecy

and the fact that these systems are subject (with the exception of

the wire control systems) to the effect of radio and radar interference

generated by an enemy.

Despite the above-mentioned shortcomings, certain types of command

systems have gained widespread acceptance.

The television command system, in view of its specific features,

is examined separately.

§3. THE TELEVISION GUIDANCE SYSTEM

The television guidance system, or in other words a guidance

system with a television head, is a version of the command guidance-

system in which the control link is still represented by the radio

link (radio control), and in which the motion of the missile with re-

spect to the target is monitored by means of a television installation.

Such a system is employed for the guidance of various classes of

guided missiles, i.e., primarily in the case of guiding bombs and

torpedoes against ground and naval targets whose positions change or

have not been determined exactly.

It is absolutely necessary to include a device making possible

the transmission of an image of the target and the surrounding area

to the command station as part of the television guidance system, and
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Fig. 82. Diagram of the tele-
visioncommand guidance system.
1) Missile; 2) target; 3) con-
trol link; 4) observer operator;
5) command device; 6) radio
command transmitter; 7) target-
image transmission link.

there must also be incorporated a device which reproduces the trans-

mitted image on a television screen. Moreover, there must be a system

for the transmission and reception of commands. Thus, the television-

guidance system equipment includes the following: aboard the missile,

a transmitting television camera, a television transmitter (with an-

tenna), a command receiver (with antenna); at the command station, a

television receiver (with antenna), a command device, and a command

transmitter (Figs. 82 and 83).

The principle of guiding a guided missile or bomb by means of

this system involves the following. The missile or bomb directed at a

target projects the image of the target and its surrounding area

through an optical system within the television camera onto a trans-

mission tube. This image is transmitted to the command station where

the operator may observe, on the screen of a television receiver,

whether or not the missile or bomb is accurately approaching the tar-

get. For an exact strike against any target, the latter must generally

be fixed constantly in the center of the screen. If the missile is
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deflected from its proper heading the operator

transmits the appropriate command by radio and

corrects the trajectory of the missile.

The efficiency of the television guidance

system depends on such basic system indicators

as the range at which the television transmission

tube begins to distinguish or "see" the target

and the range of television transmission. The

1range of "visibility" of the transmission tube

is determined by the sensitivity of the tube

-and the resolving power of the system. However,

the range of television transmission is a func-

Ff tion of the power of the television transmitter

aboard the missile, the sensitivity of the tele-
Fig. 83. Guided
bomb with tele- vision receiver at the command station, and the
vision guidance
head and its range and conditions of propagation for the
basic elements:
1) Operator ultrashort radio waves employed in television
aboard carrier
aircraft; 2) mag- engineering. Thus the effective range of the
n*tic tail-surface
rc-i ators; 3) ex- television guidance system is determined not

4) re-
clver antenna; 5) by.the control link (the radio link) whose

~ii power
,ierators; 6) air effective range may be quite great, but rather
tur Dine3; 7) re-

ception device; 8) by the television monitoring link whose range
te9evision trans-
114ter; 9) antenna is a function of the range of television trans-
,' levision
transmitter; 10) mission.

slon camera;
objective The quality of the transmitting television

equipment is of great significance for missile

r The dimensions and weight of the missile sometimes make it

-'ble to employ all of the latest achievements of television

r er-Ig; however, in order to attain high sensitivity and good
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resolving power the best contemporary transmission tubes are employed.

As is well known, the transmission of a television image is pos-

sible as a result of the decomposition of the visual image into a

multiplicity of minor component parts referred to as picture elements.

The greater the number of elements into which an image can be decom-

posed, the greater the clarity with which the image can be transmitted.

The clarity of a television image is characterized by the number of

lines into which this image can be decomposed.

The transmission of an image is carried out in the following

manner. The subject that must be transmitted is projected through the

objective of the television camera onto the photocathode of the trans-

mitting television tube (iconoscope). The light image is converted

into electrical pulses at the photocathode and the magnitude of these

pulses changes constantly as a function of the luminescence of the

photocathode. These pulses are then transmitted to the television

transmitter and modulate the emitted power of the television trans-

mitter in accordance with the image that has been fed to the trans-

mitting television tube.

The decomposition and reproduction of an image is possible as a

result of the scanning (shifting) of an electron beam over the lines

and frames in the transmitting and receiving television tubes, and

this scanning procedure must take place with strict synchronization.

The electron-beam scanning in which the lines are decomposed succes-

sively, one after the other, is referred to as progressive scanning.

Frequently another method of beam scanning, referred to as interlaced

scanning, is employed. In this case each frame is separated into two

half frames, and only the odd lines are transmitted in one of the half

frames, while only the even lines are transmitted in the other half

frame. This scanning method has the advantage of making possible a
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reduction by a factor of two in the frequency band occupied by the

television signal during the transmission. This is of significant im-

portance for the multichannel television systems used in missile con-

trol, as well as from the standpoint of increasing the. sensitivity of

the reception devices.

The first American models of the "Blok" television guidance sys-

tem for glide bombs operated with a standard 350 lines of progressive

scanning and 40 frames per second. Here the video-frequency passband

was 4.5 Mc. The improved,"Blok-III" exhibited higher indicators. Good

clarity is provided by the standard adopted for standard television

broadcasting, with 625 lines for 50 frames per second and interlaced

scanning (25 complete frames). In this case a frequency band of about

5 Mc is required.

Such a wide frequency range calls for the utilization of a sec-

tion of shorter waves in the ultrashort-wave range. The first pieces

of television guidance equipment operated within a range of 100 Mc (on

a-3 m wave). Here the antenna dimensions were somewhat too great for

guided bombs. In the development of later equipment models the range

was switched to 300 Mc (1 m). Here it must be taken into consideration

that the shift to shorter waves, in addition to reducing the dimensions

and the possibilities of utilizing higher standards, results in a re-

duction in the effective range of the system, as a result of the

greater restrictions on the propagation range of the shorter waves.

Another extremely important characteristic which affects the

utilization efficiency of the television guidance system is the sensi-

tivity of the transmission tube. The first television cameras for

guided bombs, employing small-dimension iconoscopes, were able to func-

tion only with good target illumination, and this substantially re-

stricted the possibilities of using television guidance systems. Only
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with the development of a new television transmission tube - the super-

orthicon - whose sensitivity was increased by a factor of one hundred

in comparison with the conventional iconoscopes, made it possible to

utilize a television guidance system under conditions of poor visibil-

ity, on dark days, or at dusk.

The superorthicon can function normally if its photocathode is

illuminated with one-tenth of a lux, and this corresponds to the il-

lumination of the earth's surface on a moonlit night. However, the sys-

tem is incapable of functioning at night, since this illumination can-

not reach the photocathode as a result of atmospheric absorption and

the absorption that takes place within tho optical system of the trans-

mission camera. The development of the superorthicon substantially ex-

panded the military uses of television guidance systems.

The minimum target dimension which can be resolved by means of a

television transmission camera and, consequently, be detected on the

screen of a television receiver, is a function of the sensitivity of

the transmission tube, the clarity (number of decomposition lines) of

the system, and the viewing angle of the camera's objective, the lat-

ter being a function of the focal distance. The larger the number of

lines in the frame and the smaller the viewing angle of the objective,

the tinier the dimensions of the object can be.

The range or altitude at which the television camera is able to

provide a clear image of the locality depends on both illumination and

the weather. Under favorable meteorological conditions, contemporary

television systems make it possible to distinguish targets that are

50 x 50 m in size, at distances ranging between 15 and 20 kin. It is

possible to detect individual buildings, vessels on rivers, etc., from

an altitude of 3000 m. From an altitude of 1500 m it is possible to

determine the number and types of aircraft stationed at an airfield.
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To improve the contrast of the transmitted image various light filters

are employed in these television systems. The transmission cameras may

sometimes be equipped with several automatically interchangeable ob-

jectives which make it possible to transmit close-ups and long-range

shots. In several equipment models special automatic shutters are em-

ployed to prevent a reduction in tube sensitivity, should a ray of sun-

light impinge directly on the objective.

The weight and the dimensions of the equipment are of great im-

portance from the standpoint of utilizing television systems in mis-

siles and guided bombs. The transition to shorter waves, although re-

sulting in a slight reductLQn in dimensions, does bring with it a re-

duction in the range of television transmission. A significant reduc-

tion in weight and dimensions of equipment became possible after the

development of a miniature superorthicon with a diamter of 5 cm and a

length of 22 cm. The utilization of this transmission tube made it pos-

sible to develop a small-scale television camera (cylindrical in shape)

[Fig. 84 ] that could be carried conveniently in the nose of the mis-

sile. The utilization of miniature tubes and component parts, printed

circuits, and transistorized instruments makes it possible to reduce

the weight and dimensions of the television equipment even further and

thus bring about a reduction in the power required by this equipment,

and this is also extremely important.

To improve the reliability and interference resistance of the

television guidance system, a number of improvements were incorporated

into the apparatus: to eliminate the disturbing effect of signals from

radar stations and other sources of interference stable synchroniza-

tion circuits were developed and an automatic system for the regulation

of signal amplification was employed to eliminate the phenomenon of

fading. Test results have demonstrated that high-quality transmission
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of a television image is possible under conditions of screening the on-

board transmission equipment from the effects of acoustic and elec-

trical noise, by maintaining high stability for the synchronizer, and

by preserving a large ratio at the point of reception between the in-

tensity of the direct-signal field and the intensity of the field of

the signal that is reflected from the surface of the earth.

Fig. 84. Over-all view of the
construction of the television
camera that is installed in the
nose of a guided missile.

In certain cases, several channels are employed for the transmis-

sion of an image (for example, in the "Blok" system four channels in

the frequency range between 78 and 114 Mc are used) to improve the re-

sistance of the system to interference. This utilization of numerous

channels, in addition to improving the resistance of the system to in-

terference, makes it possible to guide several missiles (bombs). To

improve the resistance of the command-transmission link to interference

the control signals are transmitted simultaneously over several fre-

quency channels and this transmission is picked up by a number of min-

iature receivers aboard the missile. In this case, provision is made

for the missile to react to the control signal only in the case of the

simultaneous opening of all frequency channels. This makes it difficult

for an enemy to interfere with the functioning of the guidance system.

For purposes of greater image contrast during operations under
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daytime conditions electron-beam tubes with green screen illumination

are generally employed in television receivers installed aboard the

aircraft from whichthe missiles or bombs with television guidance

heads are controlled. The interfering effect of dispersed light may

also be reduced by means of special green light filters.

Fig. 85. GB-4 glide bomb with

television guidance system.

There are a number of possibilities of positioning the television

transmission equipment aboard a missile or a bomb, and this depends on

the type of missile, the dimensions of the equipment, and the guidance

method.

For example, in the case of the GB-4 glide bomb the equipment was

positioned in the following manner: the television camera was suspended

from the bottom of the bomb, with the objective forward (during flight

the objective was pointed down), and the television transmitter was

housed in the tail section of the bomb (Figs 85). The receiving equip-

ment in the B-17 aircraft was housed in the operator's section of the

cockpit. The operator, having guided the bomb toward the target, could

control the functioning of the on-board equipment by means of remote

control (synchronization, contrast, ete.).

Another example of positioning the on-board television equipment

is the method employed in the American "Rok" bomb (Fig. 86). The tele-
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vision head in this bomb is positioned in the nose. The control signals

received by the radio receiver of the bomb actuated the engines which

controlled the position of the ring that is mounted near the.tail sec-

tion of the bomb and functions in the role of a stabilizer. Achieving

control by means of this ring, the bomb is guided to a target selected

by an operator who is seated before the screen of a television re-

ceiver.

Fig. 86. The "Rok" dive bomb
which uses a television guid-
ance system.

The flight trajectory of the object being guided depends on the

positioning of the transmission camera. Depending on the guidance

method selected, the camera may be oriented in various ways with re-

spect to the axis of the missile or the bomb.

If the missile is being guided against a fixed target so that the

flight of the missile, throughout the entire guidance period, follows

a straight line, the camera may be installed in the nose of the mis-

sile, in a fixed position, and lined up exactly along the axis of the

missile. In other guidance cases, in which provision is made for mis-

sile or bomb flight along a trajectory that is close to being a para-

bolic descent (incidence) curve, the camera must be mounted at a cer-

tain angle to the longitudinal axis of the missile (bomb) in a fixed

position or provision must be made for the gradual shifting of the
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Fig. 87. Guidance of a missile by means
of a television tracking head. 1) Start
of guidancei 2) bomb axis; 3) carrier
aircraft; 4) optical axis of objective;
5) target.

camera by means of a special programmed mechanism (Fig. 87) and this

depends on the steepness of the flight trajectory. In the first case,

the equipment is simpler, but the target will not be situated directly

in the center of the receiving-tube screen throughout the entire guid-

ance period and it will be more difficult for the operator to deter-

mine which commands must be given in order to guide the bomb properly

to the target. In the second case, the case in which the camera shifts

with respect to the body of the missile throughout the entire flight

in accordance with changes in the curvature of the trajectory, the op-

erator will have the target in the center of his screen the entire

time and the control functions can generally be reduced to slight tra-

jectory corrections.

Guidance by means of a television system may be made more diffi-

cult as a result of random missile oscillations, and this produces im-

age oscillation with respect to the center of the screen. To eliminate

the harmful effects of missile oscillation during flight, the televi-

sion camera is stabilized by means of gyroscopes. This method of sta-
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bilization offers yet another advantage, i.e., it makes it possible to

guide an object over the most advantageous trajectory.

The first simple television systems which operated on a waveband

of 3 m and transmitter power of 15 w employed on-board television

equipment that weighed approximately 24 kg exclusive of the monitoring

installations and the storage batteries which weighed 8 and 15 kg, re-

spectively.

Contemporary improved systems, given comparatively insignificant

increases in weight, are equipped with television transmitters of sub-

stantially greater power (generally on the 1 m band) and provide the

system with an effective range of the order of 300 to 350 Ian (the

"Ring" system).

For purposes of guiding missiles and bombs over great distances,

for purposes of dropping these from great altitudes, or because of

clouds, combined guidance and monitoring systems are used to make pos-

sible the utilization of television-head missiles for ranges up to

500 Ian.

A television guidance system has the following advantages: the

possibility of guidance against targets that are not in the operator's

field of view; the possibility of exact guidance to a selected target

as a result of improved target visibility with approach to the target;

the possibility of selecting the most important target from among a

number of near-by targets; freedom of maneuver for the carrier aircraft

after ejection of the missile and the possibility of remaining outside

of an enemy's range of fire; the possibility of monitoring guidance

simultaneously at several stations; and the possibility of transfer-

ring missile control from one aircraft to another.

Among the shortcomings of the system we might mention the follow-

ing: the dependence on weather and illumination, the possibility of an
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enemy producing radio interference, and inadequate guidance range,

which can be increased only in combination with other systems.

With the appearance of color and three-dimensional television, as

well as night-vision instruments, the possibilities of improving tele-

vision guidance systems increased significantly. The perception of re-

lief in the area of the image may serve to improve guidance accuracy.

A color image will enhance better recognition of targets and will make

it possible, in a number of cases, to disclose the presence of camou-

flage. The utilization of electronic-optical converters will make it

possible, in a number of cases, to employ this system during darkness.

Television guidance systems may be used for missiles of the

"ground-to-ground" class, (against naval and ground targets), and pri-

marily for missiles of the "air-to-ground" class, including conven-

tional and glide guided bombs, torpedoes, and airplane missiles. Tele-

vision systems have been used by the Americans for purposes of guiding

guided bombs during the war in Korea. Combat experience, however, has

demonstrated that these systems cannot be adequately protected against

interference.

§4. RADIONAVIGATION GUIDANCE SYSTEMS

Radionavigation guidance systems for guided missiles provide for

the utilization of known ground radionavigation facilities, with cer-

tain changes and improvements which make possible operations in con-

junction with the equipment aboard the missile. We have reference here

to the fact that the missile is also fitted out with corresponding

guidance equipment.

Of the known radionavigation systems used for the guidance of mis-

siles, the hyperbolic and circular systems may be employed without any

particular difficulties. The hyperbolic systems generally provide for

the flight of a guided object along a curve that is referred to as a
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hyperbola. The Loran, Gee, and the Decca systems are included among

these. The Shoran, Oboe, etc., systems are included among the circular

systems which provide for flight around a given circumference.

Of the hyperbolic systems the Loran and Gee systems are classified

as pulsed radionavigation systems. The Decca system is included among

those that use continuous radiation and is based on the phase method

of measurement. The basic characteristics of these systems are, how-

ever, identical.

Of all these systems the Loran system has gained greatest accept-

ance; let us examine the operation of this system in greater detail.

The operating principle of this system is based on the measurement of

the difference between the time of the arrival of pulses from two

pairs of ground transmission stations whose positions have been estab-

lished exactly. The geometric locus for which the difference in the

time of pulse arrival from two fixed stations is a constant quantity

is a hyperbola. There exists a set of curves for each pair of stations

for which the difference between the time of pulse arrivals at any

point on these curves (or difference in range) from these two stations

is constant, i.e., there is an entire family of hyperbolas.

Two families of hyperbolas from two pairs of stations, intersect-

ing in the horizontal plane, form a so-called grid of hyperbolas which

is a unique coordinate system. The intersection of two hyperbolas from

various families will yield a specific point on the plane, i.e., it

will determine the position of the object (Fig. 88). By measuring the

difference between the pulse-arrival time from one pair of stations at

any instant of time aboard the object being guided, it will be pos-

sible to pick out from the entire family that particular hyperbola on

which the object is located. We can pick out the hyperbola from the

second family of hyperbolas by measuring the difference between the
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times of pulse arrival from a second pair of stations. The point of

intersection of the selected hyperbolas determines the position of the

object. If equipment has been installed aboard the missile to measure

the time difference for the pulse arrivals from each pair of stations

automatically and if this equipment is capable of comparing this dif-

ference with the given time difference, the equipment will be able to

bring the object to the given point.

A'.

Lor n ...-- :,, B ,C,/ a D)

Fig. 88. Family of hyperbolas
for two pairs of stations in
the hyperbolic radionavigation
Loran system: A, B, C, and D)
positions of stations; X) posi-
tion of target determined by

intersection of two hyperbolas.

Fig. 89. Position of hyperbolas
in the case of three Loran sys-
tem stations. 1) Slave; 2) mas-
ter.

In actual practice, it is not two independent pairs of stations
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but a total of three stations that is actually used (Fig. 89), and of

these one is the master (or the master station) which controls the op-

eration of the two other stations - the slave stations. The master sta-

tion is equipped with a radio transmitter, and the slave station is

equipped with a receiver-transmitter unit. Each slave station retrans-

mits the signalsof the master station and is exactly synchronized

with the latter; here, in order to ensure, in all cases, the arrival

first of the pulses from the master station, and then from the slave

station, the latter emits pulses with a constant time lag that is gov-

erned by the distance between the stations. In order to distinguish

one pair of stations from another, the carrier frequency and the dura-

tion of the pulses for various pairs of stations are not the same.

To ensure automatic missile control the on-board equipment must

include a receiving installation, a time comparator, and a computer.

Since signals are received from each pair of stations, there must be

two receiver devices aboard the missile. In order for the signals from

all of the stations to be received with a single common antenna, the

frequencies of both pairs of stations must be sufficiently close.

The comparator must measure the difference between the pulse-

arrival times from each pair of stations automatically and it must com-

pare these. This can be carried out, for example, by automatically

causing the pulses of the slave stations to coincide with the corres-

ponding pulses of the master station.

The computer compares the output data from the time comparator

against the given data and determines the voltage which controls the

yaw channel of the autopilot.

Since radionavigation systems can guide missiles in a two-dimen-

sional coordinate system, altitude control in these systems is gen-

erally carried out by means of an altimeter whose output signal is
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transmitted to the pitch channel of the autopilot.

Such a system can carry a missile over one of two hyperbolas pass-

ing through the target until the second hyperbola is reached. At that

instant, the final guidance stage begins (generally homing or diving).

C3 e,7b\ 2
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Fig. 90. Guidance of missile by means of
hyperbolic radionavigation system for
the case of a command transmitter aboard
the missile. 1) Target; 2) missile; 3)
transmitter; 4) receiver.

Another version of the system is also possible. In this case, the

master station (the transmitter) is installed aboard the missile, and

two retransmission (slave) stations are situated on the ground (Fig.

90). The signal emitted by the missile transmitter is received by the

ground stations, retransmitted on various frequencies, and again

picked up by the missile receivers. The received signals are applied

to the time comparator and the computer which determine the required

data for the control of the missile. In this case the missile will fly

along a fully determined hyperbola that passes through the target.

Missile flight along a hyperbola is not the shortest possible

flight path and is therefore not economical. In principle, the missile
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